
Language Neuroplasticity in Brain Tumor Patients
Revealed by Magnetoencephalography

Vitória Piai1,2, Elke De Witte3,4, Joanna Sierpowska1,2, Xiaochen Zheng1

Leighton B. Hinkley4, Danielle Mizuiri4, Robert T. Knight5

Mitchel S. Berger4, and Srikantan S. Nagarajan4

Abstract

■ Little is known about language impairment in brain tumor
patients, especially in the presurgical phase. Impairment in this
population may be missed because standardized tests fail to
capture mild deficits. Additionally, neuroplasticity may also con-
tribute to minimizing language impairments. We examined
14 presurgical patients with brain tumors in the language-
dominant hemisphere using magnetoencephalography (MEG)
while they performed a demanding picture–word interference
task, that is, participants name pictures while ignoring distractor
words. Brain tumor patients had behavioral picture-naming ef-
fects typically observed in healthy controls. The MEG responses
also showed the expected pattern in its timing and amplitude
modulation typical of controls, but with an altered spatial distri-
bution of right hemisphere sources, in contrast to the classic
left hemisphere source found in healthy individuals. This

finding supports tumor-induced neural reorganization of lan-
guage before surgery. Crucially, the use of electrophysiology al-
lowed us to show the “same” neuronal response in terms of its
timing and amplitude modulation in the right hemisphere, sup-
porting the hypothesis that the processes performed by the
right hemisphere following reorganization are similar in nature
to those (previously) performed by the left hemisphere. We
also identified one participant with a fast-growing tumor affecting
large parts of critical language areas and underlying ventral and
dorsal white matter tracts who showed a deviant pattern in be-
havior and in the MEG event-related responses. In conclusion,
our results attest to the validity of using a demanding picture-
naming task in presurgical patients and provide evidence for neu-
roplasticity, with the right hemisphere performing similar
computations as the left hemisphere typically performs. ■

INTRODUCTION

Brain tumor surgery aims to prolong survival by removing
pathological tissue while avoiding deficits (Duffau, 2007).
This approach requires the use of tests that are sensitive
enough to capture subtle impairment (Brownsett et al.,
2019; De Witte et al., 2015; see also Sierpowska et al.,
2017; Rofes & Miceli, 2014). Protocols often make use
of standard neuropsychological tests, which are sensitive
to impairments in the moderate-to-severe range, such as
those seen in stroke-induced aphasia. However, in the
brain tumor population, subtle language and cognitive
impairment may go unnoticed before surgery because
standardized tests may fail to capture mild deficits
(Satoer, Vincent, Smits, Dirven, & Visch-brink, 2013).
Additionally, brain plasticity may occur presurgically
(Duffau, 2014), mitigating language impairment.

There is limited information on language impairment
in brain tumor patients and on the relationship between
impairment and lesion location (Satoer, Visch-Brink,
Dirven, & Vincent, 2016), especially in the presurgical
phase. This study examines presurgical brain tumor pa-
tients performing an attentional demanding picture-
naming task while their brain activity was monitored
with magnetoencephalography (MEG). Speaking is an
attentionally demanding task (Roelofs & Piai, 2011),
and the picture–word interference paradigm is sensitive
to the attentional control demands necessary for nam-
ing a picture while ignoring distracting information (Piai
& Knight, 2018; Piai, Riès, & Swick, 2016). In this par-
adigm, participants are asked to name a picture dis-
played on the screen while ignoring a distractor word,
presented either auditorily or in written form superim-
posed onto the picture (see Figure 1 for an example).
Previous studies have found that semantic interference
(more difficult picture naming with categorically related
distractors than with unrelated distractors; see Figure 1)
implicates the left temporal lobe (Piai & Knight, 2018;
Piai, Roelofs, Jensen, Schoffelen, & Bonnefond, 2014). By
contrast, lexical interference (more difficult picture
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naming with lexical distractors than with a neutral XXX
string; see Figure 1) implicates the ventrolateral prefrontal
cortex (Piai et al., 2016). Brain tumors often grow along
white matter pathways in perisylvian language-related
areas (Anderson, Damasio, & Tranel, 1990), so the tem-
poral lobe and the ventrolateral prefrontal cortex are
cortical terminations whose functions may be affected
because of the tumor.

MEG provides a direct measure of neuronal activity in
the subsecond timescale with enhanced localization ca-
pacity. Certain neuronal “signatures” are well character-
ized in the literature in terms of their timing, associated
brain areas, and sensitivity to experimental manipulations.
These signatures may enable a better understanding of
neuroplasticity, as one can examine whether a certain sig-
nature typically found in a left hemisphere brain area is
now reorganized in a brain-lesioned individual (e.g.,
Traut et al., 2019; Piai, Meyer, Dronkers, & Knight,
2017). There is a robust neurophysiological signature of
lexical–semantic processing in picture naming, expressed
as an amplitude modulation of the N400 event-related
component (de Zubicaray & Piai, 2019). The N400 is an
ERP that peaks approximately 400 msec poststimulus on-
set and has multiple sources in the left temporal cortex
(Lau, Phillips, & Poeppel, 2008). In picture–word inter-
ference, enhanced N400 responses are found for unre-
lated relative to related picture–distractor pairs in the
left temporal cortex (de Zubicaray & Piai, 2019; Piai
et al., 2014).

The present study had several aims. First, we assessed
the feasibility of administering picture–word interfer-
ence, an attentionally demanding task, in presurgical
brain tumor patients while recording their brain activity
at the subsecond timescale using MEG. More importantly,
we aimed to identify any deficits in word production in
the presurgical phase and examine patterns of neural re-
organization due to tumors. For that, we focused on the
MEG counterpart of the N400 component, the N400m, as
a functional measure of lexical–semantic processes.
Given that this event-related response has a well-known
spatiotemporal characterization (de Zubicaray & Piai,
2019; Kutas & Federmeier, 2011), any changes in its

timing or spatial components would support neuronal re-
organization of language functioning.

METHODS

Participants

Fourteen consecutive individuals (eight women;mean age
at testing = 42.4 years) with tumors in the language-
dominant hemisphere undergoing presurgical MEG as-
sessment at the University of California San Francisco
participated in this study (for tumor sites, see Table 1).
Twelve individuals were right-handed and two were left-
handed, but all had tumors in the language-dominant
hemisphere (13 in the left hemisphere, 1 in the right
hemisphere), as defined by the laterality index measured
with MEG during picture naming (Findlay et al., 2012)
and confirmed by the Wada test (Wada, 1949) when nec-
essary. We note that handedness and hemispheric dom-
inance for language assessed in this way are not
necessarily the premorbid ones, as they were deter-
mined already in the presence of the tumor. All individ-
uals were native speakers of English. The study was
approved by the University of California San Francisco
institutional review board, and all participants gave writ-
ten informed consent.

Materials

The experimental picture–word interference task was cre-
ated using 60 colored photographs chosen from the BOSS
database (Brodeur, Dionne-Dostie, Montreuil, & Lepage,
2010) or from the Internet. The photographs belonged to
10 different semantic categories, with six exemplars each
(e.g., animals: cow, fish, horse, lion, owl, rabbit). For each
photograph, related distractor words were selected from
names of the other category–coordinate objects (e.g., pic-
tured cow, distractor “fish”). Unrelated distractors were
selected by recombining object names that were seman-
tically and phonologically unrelated to the picture. Thus,
all distractor words belonged to the response set. In the
neutral condition, a series of five Xs appeared as a distrac-
tor. All participants saw each picture once in each condi-
tion. Pictures were presented on a white background on
the center of the screen. Distractors were presented in
black font inside a white box, centered on the picture
(see example in Figure 1). The picture–word trials were
fully randomized, with one unique list per participant.
Participants were instructed to name the picture and to
ignore the distractor word. Both speed and accuracy were
emphasized.

Procedure

The presentation of stimuli and the recording of responses
were controlled by E-Prime 2.0 software (Psychology
Software Tools). Participants were laying down in supine

Figure 1. Picture–word interference task. Example of picture–word
interference stimuli for related (left), unrelated (middle), and neutral
(right) distractors and the corresponding interference effects.
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position in an electrically and magnetically shielded room,
with their heads in the opening of the MEG helmet.
Stimuli were projected onto a screen placed above the par-
ticipants. Vocal responses were recorded with a micro-
phone along the MEG data. Trials began with a fixation
cross presented on the center of the screen for a variable
duration, between 1.7 and 2.1 sec. Then, the picture–word
stimulus was presented for 2 sec.
The MEG system (CTF VSM MedTech) contained 275

axial gradiometers. Three localization coils were fixed to
the nasion, left, and right preauricular points to monitor
the position of participants’ heads relative to the gradi-
ometers. The data were low-pass filtered by an anti-
aliasing filter (300 Hz cutoff ), digitized at 1200 Hz, and
stored for offline analysis. A third order gradiometer con-
figuration was used to reduce noise.

Lesion Analyses

Lesions were drawn by a trained technician in the native
space of participants’ T1-weighted or T2-weighted mag-
netic resonance images (MRIs) and confirmed by a neurol-
ogist (R. T. K.). The lesion delineations were subsequently
normalized to the Montreal Neurological Institute tem-
plate and checked again to confirm that no distortions oc-
curred. Percent damage to different areas was determined
based on the Automated Anatomical Labeling template in
MRIcroN (Rorden, Karnath, & Bonilha, 2007). We also
compared the lesion location of each individual with
selected tractography reconstructions of white matter
pathways obtained from a group of healthy controls
(Rojkova et al., 2016). These analyses allowed us to

quantify the proportion of overlap between the lesion’s
volume and the tracts’ volume using Tractotron software
as part of the BCBtoolkit (Foulon et al., 2018; www.
toolkit.bcblab.com). The selected pathways were chosen
based on them passing through the middle temporal gy-
rus (MTG) given the critical role of this area in language
(Sierpowska et al., 2019; Turken & Dronkers, 2011): the
long and posterior segments of the arcuate fasciculus,
the inferior frontal occipital fasciculus, and the inferior
longitudinal fasciculus. Because of the heterogeneity in
lesion distribution, we summarized the lesion profiles
using hierarchical clustering over the proportion of
damage to areas substantially impacted by the tumor
or areas previously associated with word production or
picture–word interference, and for the four tracts that
pass through the MTG, as mentioned above. The gray
matter areas selected for the analysis were inferior tem-
poral gyrus, MTG, including the pole, superior temporal
gyrus, including the pole, left inferior frontal gyrus (pars
opercularis, pars orbicularis, and pars triangularis), mid-
dle frontal gyrus, superior frontal gyrus, insula, and
ACC. Clustering techniques group elements such that
elements in one same cluster are more similar to each
other than to elements in other clusters. Note that the
values were selected for the participants’ language-
dominant hemisphere. The Euclidean distance was
used, together with the Ward’s criterion. Validation
of the cluster solution was achieved via multiscale
bootstrap resampling (1000 bootstraps; Suzuki &
Shimodaira, 2006). p Values were derived from the ap-
proximately unbiased p value, and we employed an al-
pha level of .05.

Table 1. Characteristics of the Participants

Participant Confirmed Pathology Grade Sex Age Overall Error Rate in Present Task

1 Oligodendroglioma 2 F 34 6.1

2 Diffuse astrocytoma 2 F 31 5.6

3 Glioblastoma 4 M 77 3.9

4 Anaplastic astrocytoma 3 M 27 3.3

5 Recurrent anaplastic oligodendroglioma 3 F 36 3.3

6 Oligodendroglioma 2 F 35 1.7

7 Oligodendroglioma 2 M 41 1.7

8 Diffuse astrocytoma 2 M 51 10

9 Oligodendroglioma 2 M 58 3. 9

10 Oligodendroglioma 2 F 47 3.3

11 Meningioangiomatosis NA** F 22 2.8

12 Recurrent diffuse astrocytoma 2 F 37 5.6

13 Anaplastic astrocytoma 3 M 52 1.1

14* Oligodendroglioma 2 F 43 6.1

* Indicates the participant with right hemisphere dominance for language. NA** = not a tumor; F = female; M = male.
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Behavioral Analyses

Vocal responses were examined offline for dysfluent re-
sponses or errors: naming the distractor word instead
of the picture (0.2% of the trials), hesitations (1.1%),
no responses (0.4%), phonological paraphasias (< 0.1%),
semantic paraphasias (0.5%), another name rather than
the target name (1.1%), picture not recognized (0.4%),
and uncategorizable (0.4%). The corresponding trials
were excluded from all RT and MEG analyses. Naming
RTs were calculated manually from the speech signal be-
fore trials were separated by condition. Single-trial data
and analysis scripts are available via de Open Science
Framework (tiny.cc/4q007y). Single-trial RT and accuracy
were analyzed with linear and logistic mixed-effects
models, respectively Baayen, Davidson, & Bates, 2008).
Models were fitted with the lme4 package (Version
3.4.4; Bates, Mächler, Bolker, & Walker, 2015) in R
(Version 3.4.3, R Core Team, 2017). Bothmodels included
a fixed effect for distractor condition (related, unrelated,
neutral; unrelated was the reference) and random slopes
for the distractor condition by participant. Single-trial
item information was not available. Significance of effects
was obtained using the Satterthwaite approximation
(lmerTest package Version 3.4.4; Kuznetsova, Brockhoff,
& Christensen, 2017). We also calculated standard (z)
scores for each participant based on a jack-knifing ap-
proach (i.e., the semantic and lexical effects for a given
individual are compared with the group without that
individual).

MEG Analyses

For the MEG data, analyses were performed using
FieldTrip (Version 20171231; Oostenveld, Fries, Maris,
& Schoffelen, 2011) in MatlabR2017b. The data were de-
trended, down-sampled offline to 600 Hz, and segmented
into epochs from 0.3 sec prestimulus to 1 sec poststimu-
lus. Before the data were separated by condition, MEG
epochs were inspected and excessively noisy sensors
were removed. Independent component analysis was
then used to correct for artifacts, including eye move-
ments ( Jung et al., 2000). Artifact- and error-free data
comprised, on average, 56, 55, and 57 trials for the related,
unrelated, and neutral conditions, respectively. The signal
in single trials was low-pass filtered with a zero-phase shift
Butterworth filter with a cutoff frequency of 30 Hz. The
data were further segmented from −0.3 to 1 sec before
computing the event-related fields (ERFs), calculated by
averaging the trials for each condition and participant
separately, followed by baseline correction using the aver-
aged activity in the interval of −0.3 to 0 sec relative to
picture onset.

Following the evidence that semantic interference (i.e.,
related vs. unrelated conditions) is mainly associated with
electrophysiological differences in the N400 time window
and implicates mainly the left temporal lobe (de Zubicaray

& Piai, 2019), the activity for the related and unrelated
conditions was averaged around the N400 time window
(i.e., 350–450 msec) over the left posterior sensors avail-
able for all participants. This “N400 activity” was used de-
scriptively to examine the pattern of brain responses over
the whole group. For the lexical effect, no information in
the literature was available to motivate a specific spatio-
temporal dimension of the data. Therefore, this analysis
was not conducted for the lexical effect.
In addition, for inferential statistics of the event-related

fields, we ran nonparametric cluster-based permutation
tests for both semantic and lexical effects (Maris &
Oostenveld, 2007) with no a priori information on sensors
or time points (the window of picture onset to 600 msec
postonset was examined). Nonparametric cluster-based
permutation effectively controls the false alarm rate at
the nominal level of 0.05 while comparing the sensors
and time points between conditions. The largest cluster
in size of adjacent sensors and time points exhibiting a
similar difference between the conditions assessed was
identified by means of dependent-samples t tests thresh-
olded at an alpha level of .05. The permutation p value was
calculated using the Monte Carlo method with 1000 ran-
dom permutations. A Monte Carlo cluster p value below
5% (two-tailed testing) was considered significant.
Given the significant results at the sensor level in the

N400 time window (see Results section), we then per-
formed source localization of the observed effect to further
characterize its spatial distribution using a linearly
constrained minimum variance (LCMV) beamforming
approach in the time domain (Van Veen, van Drongelen,
Yuchtman, & Suzuki, 1997). The single-trial data were fur-
ther epoched from −0.3 to 0.45 sec relative to stimulus
onset, and the sensor covariance matrix was estimated
for the beamforming. The forward model was calculated
using a realistically shaped single-shell volume conduc-
tion model (Nolte, 2003) based on an MRI template.
Ideally, volume conduction models based on the individ-
ual patients’ MRIs should have been used. However, we
could not implement this approach because the segmented
and normalized MRIs we obtained were not of sufficient
quality for generating 3-D grids of dipole locations that
could be averaged over participants. The volume conduc-
tion model was then used to compute the lead field ma-
trix, which was done for each participant individually,
based on a 3-D grid of dipole locations with equidistant
spacing of 10 mm. Thus, individual participants’ geometry
was considered in the lead-field calculations. In summary,
the approach we adopted is sufficient for distinguishing
left from right hemisphere sources, as the expected mar-
gin of error in localization is smaller than the distance be-
tween the left and right hemisphere locations and most of
the accuracy errors relate to signal magnitude, rather than
location (Vorwerk et al., 2014; Van Uitert, Johnson, &
Zhukov, 2004; Van Den Broek, Reinders, Donderwinkel,
& Peters, 1998). An LCMV beamformer was applied to the
whole brain, computing a common (i.e., over all conditions)
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spatial filter for each grid point. The common filter was
then applied to the single-trial data from the individual
conditions, ensuring that the same spatial filter was used
for both conditions. For each dipole location, the source
was assumed to have a fixed orientation. To account for
the center of the head bias, the Neural Activity Index was
used (Van Veen et al., 1997). Finally, the dipole moments
were averaged across time within the N400 latency range
(i.e., 350–450 msec). The same nonparametric cluster-
based permutation approach was used to assess the
source-level differences between the two conditions
across participants. Given that source reconstruction is a
spatial filtering of observations from the scalp and we
know from the results of the inferential statistical test
the direction of the scalp effect, one-tailed testing was
used.

Additional Healthy Control Data

MEG data from 12 healthy controls (five women, mean
age = 60 years, range = 47–76 years) performing the
same picture-word interference task was also analyzed
to allow for a comparison with the patients’ data. The ma-
terials were 88 colored photographs from the same data-
base as for the main experiment, belonging to 16
different semantic categories with multiple exemplars.
These materials largely overlapped with the materials of
the main experiment. For each photograph, related and
unrelated distractor words were generated in the same
way as for the main experiment. The rest of the proce-
dure and apparatus were the same as for the main exper-
iment. The MEG data were preprocessed in the same way
as for the main experiment, but the data were segmented
into shorter time windows (i.e., −0.3 to 0.6 sec) as we
expected the naming latencies in the healthy control
group to be shorter than for the patients and we wanted
to avoid including time points already containing speech
production ni the ERFs. Following the findings on

semantic interference in the patients (see Results sec-
tion), we ran a nonparametric cluster-based permutation
test for the semantic effect in the controls within the
N400 time window (i.e., 350–450 msec), including all
available left temporal and right temporal sensors. All
other parameters of the cluster-based permutation test
were identical to that of the patients.

RESULTS

Lesion Profile

Figure 2 shows how all 14 participants are grouped in
clusters as a function of their gray (left) and white matter
(right) lesion profiles. The y-axis indicates how dissimilar,
according to the Euclidean distance, the individual data
points and clusters are from each other. Significant clus-
ters are indicated by the colored outlines. For the gray
matter, three different clusters were identified. The le-
sion overlap of participants pertaining to these three dif-
ferent clusters is shown in Figure 3 (left). Participants 1
and 3 formed one cluster, characterized by lesions over-
lapping in the inferior temporal gyrus. Participants 2 and
12 formed another cluster, characterized by lesions over-
lapping in the insula. Participants 5, 6, 7, 8, 9, 10, and 11
formed the third cluster, with inconsistent lesion overlap.
Participants 4, 13, and 14 did not enter any clusters, indi-
cating that these three participants have more particular
lesions, and are shown separately in Figure 3 (right). For
the white matter, one large cluster was identified, includ-
ing all but Participant 13. Thus, the lesion profile analysis
indicates that Participant 13 had a lesion that did not clus-
ter with other participants’ lesions both at the gray and
white matter levels.

Behavioral Results

Overall error rates are presented in Table 1 for each par-
ticipant individually. At the group level, no difference was

Figure 2. Dendrograms of the
lesion clusters. Significant
clusters are indicated by the
colored outlines. (Left) Lesion
in gray matter (proportion
damage): anterior cingulate,
insula, inferior frontal gyrus;
pars opercularis, orbitalis, and
triangularis; middle frontal
gyrus, superior frontal gyrus,
inferior temporal gyrus, MTG
and pole; and superior temporal
gyrus and pole. (Right) Lesion
in white matter (proportion
damage): arcuate fasciculus–
long segment, arcuate
fasciculus–posterior segment,
inferior frontal occipital
fasciculus, inferior longitudinal
fasciculus.
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found in accuracy between the related and unrelated con-
ditions (4.9% vs. 5.2%, respectively; b estimate =−0.120,
SE = 0.243, z = 0.494, p = .622). More errors were made
in the unrelated than in the neutral condition, that is, the
lexical interference effect (5.2% vs. 2.4%, respectively;
b estimate = −0.823, SE = 0.273, z = −3.019, p =
.003). Figure 4 (left) shows the RTs for each participant
and condition. The median RTs were 1.03 sec for the

related condition, 0.978 sec for the unrelated, and 0.913
sec for the neutral. Both lexical and semantic interference
effects were found (semantic: b estimate = 0.06, SE =
0.01, t = 4.66, p < .001; lexical: b estimate = −0.06, SE
= 0.02, t = −2.73, p = .017). For the semantic effect, de-
scriptively all participants show semantic interference. For
the lexical effect, descriptively three participants showed
facilitation (Participants 8, 11, and 12). Figure 4 (middle

Figure 3. Lesion overlap. (Left) Lesion overlap of the participants for the three identified clusters. The color scale indicates the number of
participants for which the overlap consists of. For Clusters 1 and 2, with two participants each, n = 1 (green) corresponds to 50% overlap and n = 2
(red) corresponds to 100% overlap. For Cluster 3, based on seven participants, n = 1 (green) corresponds to 14% overlap and n = 2 (red)
corresponds to 29% overlap. (Right) Lesion delineation for individual participants not pertaining to any cluster.

Figure 4. Behavioral results. Each color indicates one participant (Part = participant). (Left) Median RT per participant for each distractor type.
(Right) Standardized semantic (left) and lexical (right) interference effects per participant. Each dot represents one participant. Dashed horizontal
lines indicate ±1.5 standard deviation.
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and right) shows the standard score for each participant
for both the semantic (middle) and lexical (right) effects.
Participants 13 and 14 showed semantic interference ef-
fects 1.5 standard deviations larger than the group mean.
For the lexical effect, Participants 6 and 13 showed lexical
interference effects 1.5 standard deviations smaller than
the group mean, whereas Participant 12 showed a lexical
facilitation effect 1.5 standard deviations smaller than the
group mean. Participant 13 is the only individual to show
deviant effects for both semantic and lexical interference
following our jack-knifing approach. We note that this in-
dividual did not have overall language production prob-
lems, as shown, for example, by his high accuracy in
picture naming (Table 1). We further tested the abnor-
mality in the scores of Participant 13 for the semantic
and lexical effects using a modified paired-samples test
appropriate for single cases (Crawford, Howell, &
Garthwaite, 1998). For semantic interference, the effect
for Participant 13 was discrepant with the control sam-
ple, t = −5.044, (estimated percentage of normal popu-
lation more extreme than Participant 13 = 0.014%). For

lexical interference, the effect for Participant 13 was also
discrepant with the control sample, but less so than the
semantic interference effect, t = −1.754 (estimated per-
centage of normal population more extreme than
Participant 13 = 5.248%).

MEG Results

Figure 5A shows the averaged N400 activity between 350
and 450 msec over left posterior sensors for each partic-
ipant for the related and unrelated conditions (left) and
the semantic effect (related minus unrelated, right).
Participant 13 presents a deviant pattern over left poste-
rior sensors in the ordering of the conditions compared
with the rest of the group, t = −2.714 (estimated per-
centage of normal population more extreme than
Participant 13 = 0.941%; Figure 5A, right).

Regarding the inferential analyses of the MEG event-
related responses, no significant effects were found for
the lexical effect. By contrast, a significant effect was
found for the semantic effect (Monte Carlo p = .010,
two-tailed). Figure 5B shows the ERFs of the entire sam-
ple for the three conditions, averaged over the sensors
showing the most pronounced differences for the seman-
tic effect. The difference between the related and unre-
lated conditions was most pronounced in the time
window between 320 and 460 msec, corresponding to
the N400m component, over right hemisphere sensors.

We employed a linearly constrained minimum variance
beamforming approach in the time domain (Van Veen
et al., 1997) to localize the sources of the effect in the
350–450 msec time range. The amplitude of the signal
in the 350–450 msec window was significantly different
between the two conditions (Monte Carlo p = .031,
one-tailed). The source localization results are shown in
Figure 5C. Cluster t values are plotted, masked by the sta-
tistically significant cluster. The source localization indi-
cates that the modulation in signal amplitude in the
N400 time window originates in the right hemisphere,

Figure 5. (A) MEG results. Averaged activity between 350 and 450 msec
over left posterior sensors for each participant for the unrelated (circle)
and related (square) conditions (left) and the semantic effect (related
minus unrelated, right). Each dot is one participant. (B) Event-related
fields for the related (rel), unrelated (unrel), and neutral conditions
for the entire sample averaged over the sensors showing the most
pronounced differences for the semantic effect, which can be seen on
the right. (C) Source localization on the group level of the semantic
effect in the time window 350–450 msec. Cluster t values are plotted,
masked by the statistically significant cluster.

Figure 6. MEG results for the control group. Event-related fields
for the related and unrelated conditions over the left temporal sensors
associated with the significant cluster (left), indicated by the larger
black dots in the scalp map in the middle, and corresponding right
temporal sensors (right). The dots indicate the sensors included in the
statistical test. The larger black dots indicate the sensors pertaining to
the significant cluster. Shaded areas indicate the SEM.
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most prominently in the MTG, but also extending more
inferiorly and superiorly. Given that Patient 14 had a
brain tumor in the right, language-dominant hemisphere,
we repeated the analyses of the ERFs without Patient 14.
The pattern of N400 effect with right-lateralized topogra-
phy in the sample of 13 patients with tumors in the left
language-dominant hemisphere was virtually identical to
the pattern shown in Figure 5B (Figure S1). We also re-
peated the analysis with the 12 right-handed patients.
The pattern of N400 effect with right-lateralized topogra-
phy was again present in the sample of 12 patients
(Figure S1). This finding underscores that the right hemi-
sphere shift observed in the whole group is not driven by
the individual with right hemisphere language domi-
nance or by the two left-handed individuals.

For the healthy controls, a significant cluster was iden-
tified for the semantic effect between 350 and 450 msec
(Monte Carlo p = .046, two-tailed). Figure 6 shows the
ERFs for the related and unrelated conditions, averaged
over the left temporal sensors associated with the signif-
icant cluster (left panel; and dark dots in the scalp map)
and right temporal (right panel) sensors (tested sensors
are shown as dots in Figure 6). The significant difference
between the related and unrelated conditions was only
found over left temporal sensors, indicated by the black
dots in Figure 6. This finding is in contrast with the
results of the patient group, for whom the significant
cluster was observed over right sensors only, as also con-
firmed by the source localization results. Despite the dif-
ferent morphology of the ERFs between the patients and
the controls, in both cases, the amplitude in the unrelated
condition deviatesmost from zero (i.e., baseline), whereas
the related condition is closest to the baseline amplitude
values.

DISCUSSION

We assessed the feasibility of administering picture–word
interference during MEG recordings in presurgical brain
tumor patients and, more importantly, examined tumor-
induced neuronal reorganization. On the group level, we
observed the expected lexical interference and semantic
interference effects in the picture naming times and the
N400-like event-related responses associated with the se-
mantic effect. The N400 semantic effect had sources in
the right temporal cortex in tumor patients in contrast
to the left hemisphere N400 effect typically found in
healthy controls (de Zubicaray & Piai, 2019; Piai et al.,
2014). One participant with a lesion affecting the left
temporal lobe and underlying white matter tracts
showed a deviant pattern in behavior as well as in
N400 event-related responses. We discuss each of these
effects below.

We observed the expected lexical interference and se-
mantic interference effects in the picture-naming times
and in the error rates for the lexical interference effect.
This is in line with previous research (Piai et al., 2016;

Damian & Bowers, 2003; Roelofs, 2003; La Heij, 1988;
Glaser & Düngelhoff, 1984), including the finding that a
semantic interference effect in the error rates is not typ-
ically observed (e.g., Piai & Knight, 2018).
Regarding the MEG analyses, for the semantic effect, a

difference was found at the group level between the re-
lated and unrelated conditions in the expected time win-
dow (de Zubicaray & Piai, 2019), but with an altered
topographical distribution. The effect was shifted to the
right, as seen over the scalp, which was also confirmed by
the source localization analysis, suggesting involvement
of the right hemisphere at the group level. By contrast,
for a group of healthy controls, the semantic effect in
the 350–450 msec time window was only significant over
left temporal, but not right temporal, sensors.
Evidence has accumulated for the right hemisphere’s

role in language in the case of brain tumors in the
language-dominant left hemisphere. The involvement of
the right hemisphere has been found postoperatively fol-
lowing resection of the left hemisphere, for example,
using MEG (Traut et al., 2019). A number of studies has
also identified right-hemisphere involvement in language
function preoperatively (De Witte et al., 2014; Rösler
et al., 2014; Krieg et al., 2013; Thiel et al., 2005), a pattern
of reorganization likely induced by the tumor in the left
hemisphere. The same explanation is likely for the pres-
ent findings. Altogether, these findings indicate that
tumor-induced reorganization of function, even before
surgery, is a true phenomenon (Duffau, 2014) that needs
to be taken into account when studying which patterns of
lesion will lead to dysfunctions pre- and postoperatively.
This pattern of reorganization may explain why most in-
dividuals do not present with substantial language defi-
cits despite the lesions in the dominant language
hemisphere. It is also possible that individuals with more
right-hemisphere reorganization presurgically will
show less severe deficits following surgery to the left
hemisphere.
Importantly, by using electrophysiology, we show that

the pattern of activity found in the right hemisphere re-
sembles the brain responses usually found over the left
hemisphere in healthy individuals both in timing and
amplitude modulation as a function of the task (de
Zubicaray & Piai, 2019; Piai et al., 2014). This is an advan-
tage of using electrophysiological techniques over other
techniques to understand lesion-dependent language
deficits and plasticity. Language-related processes hap-
pen at a fast timescale and are reflected in the time-
specific amplitude modulations of brain responses. If a
particular neural signature is well characterized, as in
the case of the N400 response (Kutas & Federmeier,
2011), it can be used to examine whether processes are
supported by “new”, otherwise atypical areas (e.g.,
shifted in hemisphere) due to a brain lesion. This ap-
proach provides important insights for understanding
neuroplasticity, as it indicates not only that “new” areas
are involved but also better characterizes “what” these
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new areas are doing (see for a similar argument Piai et al.,
2017).
The use of a challenging naming task enabled us to ob-

serve relatively normal performance in word production
by the patients along with the involvement of “atypical”
(right hemisphere homologue) brain areas. Although
most patients do not present with language deficits when
assessed objectively, patients do report experiencing fa-
tigue during every day language use. It may be the case
that these atypical areas are sufficient for overcoming im-
pairment, but not as efficient for (some) language tasks,
explaining patients’ subjective experience. These are im-
portant avenues for future research.
By using a jack-knifing approach, we identified two

participants performing more poorly than 1.5 standard
deviations from the group’s mean with respect to the se-
mantic interference effect and to the lexical interference
effect. One participant (Participant 13) showed poorer
performance for both effects. The analyses on the profile
of the lesions identified different clusters at the gray and
white matter levels. At the gray matter level, three partic-
ipants showed a more distinct lesion profile, not entering
any clusters (including Participant 13). By contrast, at the
white matter level, all participants, with the exception of
Participant 13, were clustered together, indicating that
Participant 13 had a unique white matter lesion pattern.
The planned MEG analyses for the semantic effect (de
Zubicaray & Piai, 2019) also identified a pattern of activ-
ity over left posterior sensors that was different for
Participant 13. The discrepant patterns observed for this
participant were confirmed by statistical analyses appro-
priate for single-participant comparisons to a control
group (Crawford et al., 1998).
Some specific disease characteristics may be able to

explain the observed pattern. Participant 13 had a fast-
growing type of tumor, Grade III anaplastic astrocytoma.
Whereas Participants 3 and 4 also had high-grade tumors,
only in Participant 13 did the tumor infiltrate large parts
of the language-dominant temporal lobe. In particular,
this was the only individual with such a large portion of
MTG involvement, with damage in all ventral and dorsal
tracts inspected. The combination of a fast-growing tu-
mor, which limits the time for functional reorganization
(Kong, Gibb, & Tate, 2016; Desmurget, Bonnetblanc, &
Duffau, 2007), in this critical location, that is, the
language-dominant MTG and the fibers passing through
it (Piai & Knight, 2018; Griffis, Nenert, Allendorfer, &
Szaflarski, 2017; Turken & Dronkers, 2011; Schwartz
et al., 2009; Dronkers, Wilkins, Van Valin, Redfern, &
Jaeger, 2004), could potentially explain the deficits ob-
served across both lexical and semantic effects.
One limitation of this study is that the distribution of

the lesions in the present sample was heterogeneous, but
this heterogeneity was in fact helpful for identifying a
possible lesion–symptom relationship. Another limitation
of this study is that the number of trials was not sufficient
for analyzing the MEG responses as a function of

experimental condition at the single-participant level. A
third limitation is the approach we used for the source
localization analyses. Ideally, individual MRIs should have
been used for the volume conductors, including the
modeling of the tumors. However, estimating the con-
ductivity of the tumor is not a trivial task, given the un-
certainty in the conductivity values and the variable
degree of vascularization across patients. In this case,
modeling the tumor with inaccuracies in the conductivity
values may be more detrimental than the inaccuracies in-
troduced by not modeling the tumor (e.g., Van Den
Broek et al., 1998). Nonetheless, there is no reason to ex-
pect that the presence of the tumor in the left hemi-
sphere would affect the source reconstruction results,
such that a right hemisphere shift of the amplitude differ-
ence between the two conditions would be produced as
an artifact (Vorwerk et al., 2014). Moreover, the location
of the strongest sources of the amplitude differences for
the semantic effect is not random, but rather in the right
hemisphere homologue of where most of the sources
generating the N400 effect are located (Lau et al.,
2008). It is more plausible that the amplitude differences
observed are indeed generated in the right hemisphere.
This issue remains an important one for our field, and fu-
ture studies with detailed volume conduction modeling
are needed to confirm our findings.

Conclusions

The replication of the classic lexical and semantic interfer-
ence effects behaviorally and of the MEG semantic effect
attest to the reliability and validity of the approach. The
present results provide support for neuroplasticity in the
presurgical phase, with the right hemisphere performing
similar neuronal computations (reflected in MEG N400
event-related responses) as the left hemisphere typically
performs (see also Piai et al., 2017). Additionally, we iden-
tified word production deficits in one participant with a
unique lesion profile, also affecting the N400m pattern
of results. An important question for future research is
whether the behavioral and/or electrophysiological pat-
terns observed presurgically with such a challenging word
production task are predictive of an individual’s deficits in-
traoperatively and recovery postoperatively.
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