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Abstract

Objectives: Language function is mainly located within the left hemisphere of the brain, especially in right-handed subjects.
However, functional MRI (fMRI) has demonstrated changes of language organization in patients with left-sided perisylvian
lesions to the right hemisphere. Because intracerebral lesions can impair fMRI, this study was designed to investigate human
language plasticity with a virtual lesion model using repetitive navigated transcranial magnetic stimulation (rTMS).

Experimental design: Fifteen patients with lesions of left-sided language-eloquent brain areas and 50 healthy and purely
right-handed participants underwent bilateral rTMS language mapping via an object-naming task. All patients were proven
to have left-sided language function during awake surgery. The rTMS-induced language errors were categorized into 6
different error types. The error ratio (induced errors/number of stimulations) was determined for each brain region on both
hemispheres. A hemispheric dominance ratio was then defined for each region as the quotient of the error ratio (left/right)
of the corresponding area of both hemispheres (ratio .1 = left dominant; ratio ,1 = right dominant).

Results: Patients with language-eloquent lesions showed a statistically significantly lower ratio than healthy participants
concerning ‘‘all errors’’ and ‘‘all errors without hesitations’’, which indicates a higher participation of the right hemisphere in
language function. Yet, there was no cortical region with pronounced difference in language dominance compared to the
whole hemisphere.

Conclusions: This is the first study that shows by means of an anatomically accurate virtual lesion model that a shift of
language function to the non-dominant hemisphere can occur.

Citation: Krieg SM, Sollmann N, Hauck T, Ille S, Foerschler A, et al. (2013) Functional Language Shift to the Right Hemisphere in Patients with Language-Eloquent
Brain Tumors. PLoS ONE 8(9): e75403. doi:10.1371/journal.pone.0075403

Editor: Jan Kassubek, University of Ulm, Germany

Received June 13, 2013; Accepted August 13, 2013; Published September 17, 2013

Copyright: � 2013 Krieg et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: The study was mostly financed by institutional grants from the Department of Neurosurgery and the Section of Neuroradiology, TU Munich, and the
authors declare that they have no conflict of interest affecting this study. Moreover, SK received a grant of the ‘‘Stiftung Neurochirurgische Forschung’’ of the
German Neurosurgical Society (DGNC). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: Florian.Ringel@lrz.tum.de

Introduction

The cortical distribution and variability of human language

representation has been widely examined. Current knowledge is

mainly based on functional MRI (fMRI) studies [1,2,3] and on

intraoperative language mapping by bipolar direct cortical

stimulation (DCS) during awake surgery for the left hemisphere

[4,5,6]and, but also for the right hemisphere [7]. Although

intraoperative mapping is highly reliable, it does not allow for the

examination of language distribution in the healthy brain.

Navigated transcranial magnetic stimulation (nTMS) is increas-

ingly used for preoperative mapping of the primary motor cortex,

and a good correlation of preoperative nTMS and intraoperative

DCS motor maps has been repeatedly reported [8,9,10]. This

method allows the transcranial non-invasive magnetic induction of

an electric field within the cortex. By single pulse stimulation, it

can elicit muscular evoked potentials within the motor cortex. But

by applying pulse trains, we can also depolarize neurons and

therefore cause a ‘‘virtual lesion’’ for the 1–4 seconds of

stimulation [11,12]. By combining it with an object-naming task,

this repetitive TMS has been repeatedly used for disturbing

language function and determination of language lateralization in

the past [11,12,13]. Moreover, by combining repetitive TMS with

a navigation system, we can even specifically define cortical

regions, which are vulnerable to repetitive nTMS (rTMS) and

therefore considered language-eloquent. It has thus been shown

that rTMS during an object-naming task allows us to map the

cortex for language eloquent regions [14].

The right hemisphere was shown to participate in language

function not only in healthy participants [15,16,17,18], but also in

patients after left-hemispheric stroke [19,20] or brain tumors

[21,22,23,24,25,26]. These reports used a variety of methods,

including neuropsychological assessment, non-navigated TMS,

and mainly fMRI, which is frequently impaired by intracerebral

tumors and ischemic lesions. For brain-tumor patients, the right

inferior frontal gyrus (IFG) was also shown to be involved in

language production in a previous study using non-navigated

TMS combined with an object-naming task [25,26]. However, in
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these previous works, the extent of language lateralization was not

investigated with a high spatial resolution concerning the exact

location of the gyri involved in changed lateralization of language

function. In a recently performed study, our group showed a high

sensitivity of preoperative language mapping by rTMS compared

to intraoperative DCS during awake surgery when the human

cortex was divided by the sections according to the cortical

parcellation system [5,27,28]. Moreover, we showed the superi-

ority of rTMS language mapping compared to fMRI in a glioma

patient in terms of language lateralization [29].

Because a change in language lateralization would increase

surgical options for patients with left-sided perisylvian tumors, it

would represent a new approach in surgical neurooncology. Thus,

this study was designed to find evidence for the extent of change in

language lateralization for every single gyri via a virtual lesion

model using rTMS of both hemispheres.

Materials and Methods

Ethics approval
The experimental protocol was approved by the ethics

committee of the Technical University Munich (registration

number: 2793/10) in accordance with the declaration of Helsinki.

All volunteers and patients provided written informed consent

prior to MR imaging.

Study design
The study was designed as prospective and non-randomized.

Study participants
Between April 2011 and October 2012, 15 patients (14 right-

handed, 1 left-handed; 8 male, 7 female) and 50 healthy volunteers

(all right-handed; 25 male, 25 female) underwent rTMS language

mapping of both hemispheres. By using such a large and

homogenous control group, we are able to provide exact data

on healthy subjects for further comparison with patient data.

Table 1 shows the properties of the two groups of participants. In

the 15 patients, there were 2 cavernomas (anG, opercular), 1

temporal astrocytoma WHOuII, 2 astrocytoma WHOuIII of the

anG, 1 temporal astrocytoma WHOuIII, 4 opercular GBM, 4

temporal GBM, and 1 GBM of the anG. Table 2 gives a detailed

description of main tumor location and further affected gyri or

fascicles by displacement or infiltration. German was the primary

language of all participants. The inclusion criteria for all

participants were:

1) age .18 years; and

2) written informed consent.

The exclusion criteria for all participants were general TMS

exclusion criteria, such as pacemaker or cochlear implant [30].

Additional exclusion criteria for healthy volunteers were:

1) previous seizures;

2) bilateral handedness;

3) second mother tongue;

4) pathological findings on cranial MRI;

5) aberrant medical history;

6) developmental language deficits; and

7) neurological impairments.

Navigational MRI scan
For neuronavigation, the rTMS system requires a 3D MRI

dataset for anatomical co-registration. Subsequent to informed

consent, all participants underwent a navigational MRI scan on a

3 Tesla MR scanner (Achieva 3T, Philips Medical Systems, The

Netherlands B.V.) using an 8-channel phased array head coil. Our

protocol consisted of a three-dimensional (3D) gradient echo

sequence (TR/TE 9/4 ms, 1 mm3 isovoxel covering the whole

head, 6 minutes 58 seconds acquisition time) without (for

volunteers) or with (for patients) intravenous contrast administra-

tion for anatomical co-registration. The 3D dataset was then

transmitted to the nTMS system using DICOM standard.

Language mapping by rTMS
Language mapping setup. The following experimental

setup was applied to all participants without differences between

the groups. Language mapping was performed with the Nexstim

eXimia NBS system 4.3 with the NexSpeechH module (Nexstim

Oy, Helsinki, Finland) as documented earlier [27,29]. Briefly, the

3D T1-weighted MRI of each participant was used as an

anatomical reference and registered to the participant’s brain to

visualize the exact brain area receiving rTMS pulses by a

stereotactic camera to track coil position [10]. As reported earlier,

the stimulating coil induces an electric field within the brain, which

is represented by the software as a 3D reconstruction [31,32,33].

The intracranial stimulation points are then saved for later analysis

[33]. Immediately before language mapping, the Resting Motor

Threshold (RMT) was defined by motor mapping of the cortical

representation of the contralateral hand area at the left

hemisphere (right abductor pollicis brevis muscle) [8]. The RMT

of each participant is a measure for motor cortex excitability and

therefore was used as a basic value for the following rTMS

examination [14,27,29]. Because object-naming tasks are also used

for intraoperative language mapping, they were used in this study

to identify language-eloquent cortical regions by causing a virtual

functional lesion by rTMS as described and analyzed earlier

[14,34,35,36]. One hundred thirty-one colored pictures of

common objects were displayed at an inter-picture interval (IPI)

of 2.5 s. Frequency and intensity of the rTMS were personalized

based on a previously published protocol [27,29]:

1. RMT on the left hemisphere was determined thoroughly;

2. a train of 5-7 rTMS bursts was administered to vPrG and

opIFG:

a) 5 Hz, 5 pulses, 100% RMT;

b) 7 Hz, 5 pulses, 100% RMT;

c) 7 Hz, 7 pulses, 100% RMT;

3. the setup (a-c) that caused the highest error rate (number of

errors/number of stimulations) was identified by the volun-

teer’s and examiner’s impression and in unclear cases

supported by video analysis;

4. if there was no clear difference in the effect on language, the

most comfortable frequency was chosen;

5. if naming was not interrupted clearly by rTMS, the intensity

was increased to 110–120% RMT and step 1 was repeated;

and

6. if significant pain was reported, the stimulation intensity was

decreased to 80–90% RMT to avoid any discomfort that might

interfere with the consecutive response evaluation [13]. This

was also done if 100% RMT was painful.

Language Shift to the Right Hemisphere in Patients
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Moreover, after step 2, every participant was asked to report the

most comfortable stimulus sequence and the rate of discomfort or

pain according to the visual analogue scale (VAS) from 0 (no pain)

to 10 (maximum pain).

Minimum electric field strength was not lower than 55 V/m at

the cortical region of interest and ranged between 55–80 V/m in

all participants during the entire mapping. During the object-

naming task, the pictures had to be named immediately upon

presentation. Presentation onset was 300 ms prior to rTMS pulses

based on our present knowledge of naming-related cortical activity

reported in magnetoencephalography (MEG) and TMS studies

[37,38,39]. To assure objective and detailed analysis, the object-

naming baseline performance and the mapping were digitally

video-recorded [14,27].

rTMS mapping procedure. The procedure was performed

as reported earlier and included two consecutive baseline tests to

document individual differences in the participant’s vocabulary

[14,27,29]. During baseline and mapping, the images were

randomly displayed on a screen in front of the participant, who

named them in German as quickly and precisely as possible.

Starting at the mSFG as the most comfortable site with the lowest

pain intensity, the stimulation coil was then randomly moved after

each image in 10 mm steps over both hemispheres and placed

tangential to the skull in strict anterior-posterior field orientation

to achieve maximum field induction [12,13,14]. All sites were

stimulated 3 times each and were not targeted consecutively.

Language mapping required 60–90 minutes per participant.

Still, we had to restrict the spatial extent of stimulation due to

unacceptable pain, especially due to direct stimulation of

Table 1. Mapping parameters.

group healthy subjects patients p

Age (mean 6 SD) 25.965.4 43.9610.6 p,0.0001

Pain (VAS) (Mean 6 SD) convexity 2.061.3 1.961.7 n.s.

Pain (VAS) (Mean 6 SD) temporal 5.361.7 4.262.1 n.s.

Representative correct
baseline pictures

(out of 131) 111.265.2 87.3622.2 p,0.05

RMT (% Output) (mean 6 SD) 36.266.6 35.668.4 n.s.

mapping intensity (% MT) (mean 6 SD) 101.465.1 102.9610.8 n.s.

5 Hz, 5 pulses 17 (34.0%) 10 (66.7%)

most comfortable 7 Hz, 5 pulses 18 (36.0%) 2 (13.3%) n.s.

7 Hz, 7 pulses 15 (30.0%) 3 (20.0%)

Stimulation parameters used in the study including group and pain score, according to the visual analogue scale (VAS). RMT = resting motor threshold (stimulator
output); Hz = stimulation train frequency; # pulses = number of pulses in train; int % = stimulation intensity (of maximum stimulator output). The designation n.s. =
statistically not significant (p.0.05).
doi:10.1371/journal.pone.0075403.t001

Table 2. Tumor location.

Patients Tumor type Age (years) RMT (%) Main tumor location Infiltrated structures Displaced structures

M3 AA 53 38 pMTG pSTG, anG FT

M4 GBM 43 58 opIFG vPrG, pMFG, FT aSTG

M5 GBM 51 25 anG pSMG, pSTG, FT -

M6 GBM 40 39 pSTG pSMG, mSTG, pMTG, FT aSMG

M7 C 34 43 mMFG - -

M9 GBM 33 37 mSTG aSTG, pSTG, mMTG, FT vPoG, opIFG

M10 GBM 53 41 opIFG vPrG, pMFG, FT aSTG

M11 GBM 43 21 opIFG vPrG, mPrG, pMFG, FT aSTG

F1 AA 29 34 anG pSMG, pSTG, pMTG -

F5 DA 63 36 pSTG mSTG, pMTG -

F6 GBM 47 30 pMTG pSTG, anG FT

F7 GBM 56 31 pMTG pSTG, anG FT

F8 C 32 33 anG - -

F10 GBM 52 33 opIFG pMFG, mMFG, trIFG, vPrG aSTG, polSTG

F11 AA 30 35 anG pSMG, pSTG, pMTG FT

Detailed description of main tumor location and further affected gyri or fibre tracts (FT) by displacement or infiltration for male (M) and female (F) patients. Resting
motor threshold (RMT) is also provided. Abbreviations: AA = anaplastic astrocytoma WHO grade III, GBM = glioblastoma WHO grade IV, C = cavernoma, DA = diffuse
astrocytoma WHO grade II.
doi:10.1371/journal.pone.0075403.t002
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oculomotor muscles when applying rTMS to orIFG, polSTG,

polMTG, aMTG, polSFG, polMFG, and polIFG (Table 3). Due

to the increasing distance between skin and brain, stimulation

intensity decreased below 50 V/m at the ITG. Therefore, ITG

was not mapped.

Data analysis
The recorded mapping data were examined post-hoc and

blinded to the participant, group, and tumor location as done

previously [14,27]. The baseline performance was analyzed first.

Then, any disturbance of language processing at the object-

naming task during stimulation was compared with the corre-

sponding baseline response. Moreover, the cortical stimulation

sites were hidden during video analysis. All observed errors were

then categorized, as has been extensively outlined in earlier

publications [5,27,29]: no-response errors, performance errors,

hesitations, neologisms, semantic paraphasias, phonologic para-

phasias, and circumlocution errors. Because hesitation errors

represent a very inaccurate definition of an error category due to

the lack of standardized latency recordings, we also defined an

additional category: all errors without hesitations. Moreover, the

category ‘‘all errors’’ was also defined as a sum of all categories.

Cortical map of evoked errors
Anatomical localization. For anatomy-related data analysis,

we used the cortical parcellation system (CPS), which was also

used in previous studies on language distribution during awake

surgery [5,28]. The cortex is parcellated into 37 individual

anatomical regions, and the cortical gyri belonging to these

anatomical CPS subregions were identified from 3D MRIs (Table

3; Figure 1). This approach allows statistical analysis of error

frequency and comparison of the data between individual

participants and over the entire studied cohort.
Stimulation assessment. To analyze whether rTMS elicit-

ed language deficits in an individual brain region, the following

definitions for region positivity and negativity were used: (1)

positive brain region: A region was considered to give rise to

language deficits if any of the trains delivered to the region elicited

naming errors, regardless of the error type; and (2) negative brain

region: A brain region was considered not to give rise to language

deficits if the region had been stimulated with at least one

stimulation train and no language deficits of any error type were

generated.

Hemispheric dominance ratio
An error ratio was defined as the number of induced errors per

number of applied rTMS trains for each error category and each

CPS region of both hemispheres. Moreover, a hemispheric

dominance ratio (HDR) was defined as the quotient of the left-

sided divided by the right-sided error ratio for the corresponding

left and right CPS region. A HDR .1 means left-sided

dominance; HDR ,1 means right-sided language dominance.

Statistical analysis
For testing the distribution of attributes between the groups, a

Chi-square test was performed. Differences between 2 groups were

tested by independent samples t-test. All results are presented as

mean 6 standard deviation (SD). Ranges are also reported in the

text (GraphPad Prism 5.0c, La Jolla, CA, USA); p,0.05 was

considered significant.

Results

Stimulation-related discomfort
The stimulation was generally well tolerated by all participants.

The mean VAS score for maximum painful stimuli was highly

comparable in the two groups and did not differ between the

hemispheres (Table 1). No participant requested reduction of the

stimulation intensity due to discomfort or pain in any group.

Moreover, no adverse events were observed.

rTMS mapping parameters and errors
Each rTMS train consisted of 5–7 pulses given at rates between

5–7 Hz (Table 1). There were no differences in the best suitable

stimulation setup between genders (Table 1). The number of

stimulated sites per hemisphere varied due to head size, tumor

Table 3. Cortical parcellation system.

Abbreviation Anatomy

aITG Anterior inferior temporal gyrus

aMFG Anterior middle frontal gyrus

aMTG Anterior middle temporal gyrus

anG Angular gyrus

aSFG Anterior superior frontal gyrus

aSMG Anterior supramarginal gyrus

aSTG Anterior superior temporal gyrus

dLOG Dorsal lateral occipital gyrus

dPoG Dorsal post-central gyrus

dPrG Dorsal pre-central gyrus

mITG Middle inferior temporal gyrus

mMFG Middle middle frontal gyrus

mMTG Middle middle temporal gyrus

mPoG Middle post-central gyrus

mPrG Middle pre-central gyrus

mSFG Middle superior frontal gyrus

mSTG Middle superior temporal gyrus

opIFG Opercular inferior frontal gyrus

orIFG Orbital part of the inferior frontal gyrus

pITG Posterior inferior temporal gyrus

pMFG Posterior middle frontal gyrus

pMTG Posterior middle temporal gyrus

polIFG Polar inferior frontal gyrus

polITG Polar inferior temporal gyrus

polLOG Polar lateral occipital gyrus

polMFG Polar middle frontal gyrus

polMTG Polar middle temporal gyrus

polSFG Polar superior frontal gyrus

polSTG Polar superior 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

vLOG Ventral lateral occipital gyrus

vPoG Ventral post-central gyrus

vPrG Ventral pre-central gyrus

Anatomical names and abbreviations are according to Corina et al. 2005.
doi:10.1371/journal.pone.0075403.t003
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location, tumor size, and the participant’s cooperation. Still, there

is no significant difference in the number of stimulated sites

between groups or hemispheres. In healthy volunteers, the left

hemisphere was stimulated at 396.16111.9 sites per participant

(range: 258–789 sites). During stimulation, 82.5644.4 naming

errors ( = all errors) (range: 12–241 errors), 21.8621.5 no response

errors (range: 0–107 errors), 25.2622.5 performance errors

(range: 1–124 errors), 30.7616.4 hesitations (range: 3–84 hesita-

tions), and 2.967.4 neologisms (range: 0–48 neologisms) were

observed. In patients, the left hemisphere was stimulated at

442.86167.9 sites per patient (range: 222–675 sites). During

stimulation, 96.3655.0 naming errors ( = all errors) (range: 18–180

errors), 38.9640.4 no response errors (range: 0–155 errors),

19.6622.2 performance errors (range: 0–68 errors), 33.1622.6

hesitations (range: 2–76 hesitations), and 2.362.6 neologisms

(range: 0–7 neologisms) were observed.

In healthy volunteers, the right hemisphere was stimulated at

196.8654.4 sites (range: 81–402 sites). During stimulation,

29.7617.5 naming errors ( = all errors) (range: 2–87 errors),

9.669.3 no response errors (range: 0–37 errors), 7.968.1

performance errors (range: 0–40 errors), 11.066.8 hesitations

(range: 0–31 hesitations), and 0.661.1 neologisms (range: 0–6

neologisms) were observed. In patients, the right hemisphere was

stimulated at 151.8640.1 sites (range: 99–231 sites). During

stimulation, 31.7617.7 naming errors ( = all errors) (range: 5–69

errors), 14.8615.5 no response errors (range: 0–54 errors),

6.066.7 performance errors (range: 0–21 errors), 8.967.4

hesitations (range: 2–27 hesitations), and 0.761.1 neologisms

(range: 0–4 neologisms) were observed.

Distribution of the hemispheric dominance ratio
Whole hemispheres. Overall, patients with language-elo-

quent tumors showed a significantly lower HDR than healthy

participants concerning ‘‘all errors’’ (patients: 1.2460.46; healthy

participants: 1.7660.80; p,0.05) and ‘‘all errors without hesita-

tions’’ (patients: 1.1860.54; healthy participants: 1.7961.03;

p,0.05), which indicates a higher participation of the right

hemisphere in language function (Table 4; Fig. 2). All other single

error categories failed to show statistical differences between the

groups.

CPS subregions. When taking a closer look at each

subregion, we could not show any statistically significant difference

in HDR between the two groups for the separate corresponding

CPS regions of both hemispheres and the different error categories

(Figures 3 and 4). Yet, figures 3 and 4 still show visual differences

between both groups even when not reaching statistical signifi-

cance, which might has to be attributed to the small patient group.

However, when analyzing and visualizing the HDR for the

category ‘‘all errors’’, we observed a decreased HDR in patients

compared to healthy participants in favor of right-sided language

dominance at mMFG (patients: 0.7460.73; healthy participants:

1.9862.16), aSTG (patients: 0.5060.71; healthy participants:

1.4461.59), aSMG (patients: 1.2260.66; healthy participants:

1.5561.75), pSMG (patients: 0.5160.38; healthy participants:

0.9060.64), and anG (patients: 0.5160.57; healthy participants:

Figure 1. Cortical parcellation system. Anatomical areas, as described in Corina et al. 2005.
doi:10.1371/journal.pone.0075403.g001

Figure 2. Hemispheric dominance ratio for different errors. The
graph shows the hemispheric dominance ratio (HDR; quotient of the
error rate for the left and right hemisphere) as a box plot for the
different error types. A hemispheric dominance ratio .1 means left-
sided dominance, and ,1 means right-sided language dominance.
doi:10.1371/journal.pone.0075403.g002
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0.7961.68) (Figure 3). Yet despite showing a trend (p,0.15), these

regions also failed to show a statistically significant difference.

The HDR for the category ‘‘all errors without hesitation’’ was

decreased in patients compared to healthy participants in favor of

right-sided language dominance at mMFG (patients: 0.2260.0;

healthy participants: 1.7861.60; not significant), pMFG (patients:

1.1661.06; healthy participants: 1.4361.60; not significant),

pSTG (patients: 1.1360.42; healthy participants: 1.0961.52; not

significant), aSMG (patients: 0.8560.61; healthy participants:

1.4361.94; not significant), mPoG (patients: 0.1460.28; healthy

participants: 0.9760.93; p,0.05), and anG (patients: 0.3560.46;

healthy participants: 0.6661.35; not significant) (Figure 4).

Nevertheless, with the exception of mPoG, no CPS region

showed a pronounced difference in language dominance com-

pared to the whole hemisphere. Thus, language switch seems to

show a more diffuse rather than focused pattern. Moreover, we

were not able to reveal any correlation between laterality and

aphasia severity, lesion size, lesion site, or the subtype of lesion.

Discussion

All patients were proved by awake surgery to have left-sided

language function. Concerning rTMS-induced language impair-

ment, a HDR was defined for each CPS region. Overall, patients

with language-eloquent tumors showed a statistically significantly

lower HDR than healthy participants concerning ‘‘all errors’’ and

‘‘all errors without hesitations’’, which is a sign of a higher

participation of the right hemisphere in language function.

Recent models of language production during an object-naming

task suggest a multi-stage word production process. In short,

phonological representations are accessed and information is

transmitted to working memory. The representations are then

converted into a series of phonological targets at the prearticula-

tory stage, and after that, a motor command is initiated

[39,40,41]. Moreover, tasks like picture naming and word

generation may involve rather different concepts and consequently

only enter a common pathway from the point of concept-based

lexical retrieval onward [39]. There are several studies that used

lesion-based approaches to identify truly essential cortical regions

for word production, instead of regions, which are only involved

but not essential. In these works, transient lesions consistently

interfered with object naming and therefore demonstrated that the

core areas for language processing during an object-naming task

can be identified [4,6,42]. Such regions were left-sided opIFG,

precentral gyrus, mSTG, pSTG, and middle temporal gyri [39].

Nonetheless, these cerebral regions do not include all cortical

areas, which participate in conceptual processing [43,44]. How-

ever, when comparing such lesion-based investigations with

hemodynamic studies such as fMRI, these approaches did not

routinely reveal cortical language areas in the inferior parietal

cortex and adjacent to intracerebral lesions, such as tumors or

vascular malformations, which are known to impair tissue

oxygenation and therefore blood oxygenation level dependence

(BOLD) [20,29,45,46,47]. In the patient group, one patient was

left-handed. However, all enrolled patients were proven to have

left-sided language function as revealed by awake surgery and

DCS mapping. In the volunteer group, however, all participants

were purely right-handed and were also mapped in their mother

tongue. Thus, we can state that all enrolled participants were left

Table 4. Hemispheric dominance ratio.

healthy subjects patients p

mean SD mean SD

All errors 1.76 0.80 1.24 0.46 0.0349

All errors without
hesitations

1.79 1.03 1.18 0.54 0.0482

No response 1.46 1.48 1.17 0.82 n.s.

Performance 2.14 1.45 1.33 1.18 n.s.

Hesitation 1.78 1.52 1.93 2.64 n.s.

Neologism 1.09 1.40 1.03 1.10 n.s.

Summary of the hemispheric dominance ratio as a quotient of the error rate
(fraction of the absolute number of errors and number of stimulations per
region) for the corresponding left and right CPS regions separated in the
different error types. A hemispheric dominance ratio .1 means left-sided
dominance, and ,1 means right-sided language dominance. n.s. = statistically
not significant (p.0.05).
doi:10.1371/journal.pone.0075403.t004

Figure 3. Hemispheric dominance ratio of all naming errors. The scheme shows the mean hemispheric dominance ratio (HDR) 6 standard
deviation of all naming errors in healthy volunteers (left) and patients (right) for each CPS region. The hemispheric dominance ratio is the quotient of
the error rate (fraction of the absolute number of errors and number of stimulations per region) for the corresponding left and right CPS regions. A
hemispheric dominance ratio .1 means left-sided dominance, and ,1 means right-sided language dominance.
doi:10.1371/journal.pone.0075403.g003
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dominant in terms of language function. However, the patient

group was significantly older (p,0.0001) than the healthy

participants, which has to be considered a limitation of our study.

The literature has documented that aging can affect hemispheric

laterality in general, and language production in particular

[48,49,50]. Yet, the patients in these cited studies were signifi-

cantly older than those in our patient cohort, and none of our

patients showed ischemic lesions within the white matter, which

might be one reason for the observed changes with age in the

above-cited studies. Moreover, the participants in the two groups

were old enough that cortical development was finished. And since

all enrolled patients did not suffer from any additional supraten-

torial pathology such as ischemia, it is unlikely that the age

difference would impair the results of this study. Additionally,

although RMT was shown to change with age, our groups did not

differ in RMT, which can be judged another argument for the

comparability of the two groups (Table 1) [51].

Likewise, the patient group showed a lower number of correctly

named baseline pictures as a sign for aphasia and therefore left-

sided language production in these patients (Table 1). But because

the HDR is a quotient that takes the error ratio of both

hemispheres into consideration, we are able to encounter any

aphasia in the patient group.

As another limitation of the presented study, the patient group is

small due to the rare occurrence of such patients but might be a

reason that we only partially observed significant differences

between both groups. However, we were still able to actually show

significant differences between both groups even with this small

sample size.

The observed shift of language function showed a more diffuse

rather than focused pattern, although we were able to show a

trend to a decreased HDR in some areas of the CPS, although

without pronunciation of anterior or posterior cortical language

areas (Figures 3 and 4). Moreover, we have to mention that the

precentral gyrus showed a comparable HDR in the two groups in

favor of the left hemisphere. Concerning the precentral gyrus, we

are aware that this cortical area is eloquent for speech rather than

language processing. This differentiation is useful for separating

the motor part of language from conceptual, phonological, and

semantic processing of language [39]. This points out that our

rTMS protocol is actually able to identify cortical regions that are

essential in language and not only in speech processing.

Furthermore, we were able to show that a virtual lesion to all

corresponding right cortical regions caused all kinds of errors,

especially no response and performance errors (Table 4). As also

mentioned in previous works on DCS mapping in brain tumor

patients, these evoked errors (no response and performance errors)

may represent interference of processing information between

phonological representations and articulatory motor representa-

tions of speech rather than actual language function, as also

reported for the left hemisphere [5].

In our study, language reorganization was observed as a partial

shift of language function to the right hemisphere, as also shown in

other studies [21,52,53,54]. However, these studies used imaging

techniques such as MEG and fMRI rather than the lesion-based

approaches used in our study [15,18]. Our data were consistent

with previous results of other studies, suggesting an interhemi-

spheric reorganization (Figure 3) [24,55,56]. However, some

studies did not observe any modification of language lateralization,

especially in epilepsy patients. In these studies, temporal lobe

activity differed between the different task types, showing that

activation of these regions might be changed by linguistic

processing due to epileptic activity but without inducing contra-

lateral language function [57,58]. It was also reported that patients

with left-sided temporal lobe epilepsy suffered from a purely

phonological deficit prior to lesionectomy, and it was shown that

this deficiency was associated with right-hemispheric temporal

activity in fMRI. This observation provides evidence that the shift

to the functional right hemisphere compensated for the phono-

logical deficit of the corresponding left-sided region [22].

Additionally, our data strictly contradict the broadly represent-

ed concept of limited plasticity in adults, which is also refuted by

other studies [59,60,61]. However, we have to emphasize that

language reorganization might not always be able to compensate

all functional impairment per se and may therefore not lead to an

absence of language deficits because our patients also showed

aphasia to some degree in many cases (Table 3). On the contrary,

there are reports that a partial shift of language function to the

Figure 4. Hemispheric dominance ratio of all naming errors without hesitations. The scheme shows the mean hemispheric dominance
ratio (HDR) 6 standard deviation of all naming errors without hesitations in healthy volunteers (left) and patients (right) for each CPS region. The
hemispheric dominance ratio is the quotient of the error rate (fraction of the absolute number of errors and number of stimulations per region) for
the corresponding left and right CPS regions. A hemispheric dominance ratio .1 means left-sided dominance, and ,1 means right-sided language
dominance.
doi:10.1371/journal.pone.0075403.g004
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right hemisphere might even reduce language abilities in these

patients [62]. However, there are even studies on complete

resection of the left-sided Wernicke’s area without resulting

aphasia [63]. Such astonishing results might be based not only

on ipsilateral, but also on contralateral shift of language function

within the human brain. When reviewing the literature, we also

have to take into account that functional reorganization in terms of

language lateralization varies significantly dependent on the

executed language test [15].

Nevertheless, when we discuss language function, we have to

mention another limitation of this study. By using only an object-

naming task, we are only able to study the production of words but

not the production of sentences, comprehension, or repetition.

To summarize, our study provides highly interesting data

because it is the first lesion-based study that actually proves

language plasticity as a shift to the non-dominant hemisphere by

an anatomically traceable method [25,26]. However, the clinical

application of these findings will be revealed in the future. On the

one hand, it is gratifying that lesion-based and BOLD-based

imaging modalities lead to comparable findings, which many

neuroscientists still doubt. On the other hand, the degree of

language shift in brain tumor patients could be measured by

rTMS in the future to indicate the potential of a more extensive

tumor resection within perisylvian language regions, which has

already been shown to be feasible in low-grade gliomas by

neurosurgical authors [64,65,66].

Additionally, we showed that language mapping via rTMS and

an object-naming task reveals that a widespread distribution of

cortical regions is involved in the network of human language

processing—even in the contralateral hemisphere.

Conclusions

Despite its limitations, especially in terms of age difference of

both groups, this study significantly contributes to the evidence

that lesions within language-eloquent brain can induce plasticity as

a shift of language function to the non-dominant hemisphere

although this plasticity seems to show a more diffuse pattern.
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