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Language neuroplasticity in brain tumour patients revealed by
magnetoencephalography
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3-Department of Clinical and Experimental Neurolinguistics, Center of Linguistics and Literary
Studies, Free University of Brussels, Brussels, Belgium #Department of Neurological Surgery,
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Abstract

Little is known about language impairment in brain-tumour patients, especially in the pre-surgical
phase. Impairment in this population may be missed because standardised tests fail to capture mild
deficits. Additionally, neuroplasticity may also contribute to minimising language impairments.
We examined 14 pre-surgical patients with brain tumours in the language-dominant hemisphere
using magnetoencephalography (MEG) while they performed a demanding picture-word
interference task, i.e., participants name pictures while ignoring distractor words. Brain-tumour
patients had behavioural picture naming effects 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 distribution of right-hemisphere sources, in contrast to the
classic left-hemisphere source found in healthy individuals. This finding supports tumour-induced
neural reorganisation of language prior to surgery. Crucially, the use of electrophysiology allowed
us to show the sarme neuronal response in terms of its timing and amplitude modulation in the right
hemisphere, supporting the hypothesis that the processes performed by the right hemisphere
following reorganisation are similar in nature to those (previously) performed by the left
hemisphere. We also identified one participant with a fast-growing tumour affecting large parts of
critical language areas and underlying ventral and dorsal white-matter tracts who showed a deviant
pattern in behaviour and in the MEG event-related responses. In conclusion, our results attest to
the validity of using a demanding picture-naming task in pre-surgical patients and provide
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evidence for neuroplasticity, with the right hemisphere performing similar computations as the left
hemisphere typically performs.

aphasia; electrophysiology; neuroplasticity; N400; semantic processing

Introduction

Brain tumour 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
Rofes & Miceli, 2014; Sierpowska et al., 2017). 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 tumour
population, subtle language and cognitive impairment may go unnoticed before surgery
because standardised tests may fail to capture mild deficits (Satoer et al., 2013).
Additionally, brain plasticity may occur pre-surgically (Duffau, 2014), mitigating language
impairment.

There is limited information on language impairment in brain tumour patients and on the
relationship between impairment and lesion location (Satoer et al., 2016), especially in the
pre-surgical phase. The present study examines pre-surgical brain tumour patients
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 naming a picture while ignoring distracting
information (Piai & Knight, 2018; Piai et al., 2016). In this paradigm, participants are asked
to name a picture displayed on the screen while ignoring a distractor word, presented either
auditorily or in written form superimposed 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 et al., 2014). By contrast, lexical interference
(more difficult picture naming with lexical distractors than with a neutral XXX string, see
Figure 1) implicates the ventrolateral prefrontal cortex (Piai et al., 2016). Brain tumours
often grow along white-matter pathways in perisylvian language-related areas (Anderson et
al., 1990), so the temporal lobe and the ventrolateral prefrontal cortex are cortical
terminations whose functions may be affected due to the tumour.

MEG provides a direct measure of neuronal activity in the subsecond time scale with
enhanced localisation capacity. Certain neuronal “signatures” are well characterised 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 signature typically found in a left-hemisphere brain area is
now re-organised in a brain-lesioned individual (e.g., Piai et al., 2017; Traut et al., 2018).
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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 event-related potential (ERP) that peaks
approximately 400 ms post-stimulus onset and has multiple sources in the left temporal
cortex (Lau et al., 2008). In picture-word interference, enhanced N400 responses are found
for unrelated 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 interference, an attentionally demanding task, in pre-surgical brain tumour
patients while recording their brain activity at the sub-second timescale using MEG. More
importantly, we aimed to identify any deficits in word production in the pre-surgical phase,
and examine patterns of neural reorganisation due to tumours. 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 spatio-temporal
characterisation (de Zubicaray & Piai, 2019; Kutas & Federmeier, 2011), any changes in its
timing or spatial components would support neuronal reorganisation of language
functioning.

Methods

Participants

Fourteen consecutive individuals (8 females; mean age at testing = 42.4) with tumours in the
language-dominant hemisphere undergoing pre-surgical MEG assessment at the University
of California San Francisco participated in this study (for tumour sites, see Table 1). Twelve
individuals were right handed and two were left handed, but all had tumours in the language-
dominant hemisphere (thirteen in the left hemisphere, one 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 necessary. We note that
handedness and hemispheric dominance for language assessed in this way are not
necessarily the premorbid ones, as they were determined already in the presence of the
tumour. All individuals were native speakers of English. The study was approved by the
UCSF Institutional Review Board, and all participants gave written informed consent.

Materials

The experimental picture-word interference task was created using sixty coloured
photographs chosen from the BOSS database (Brodeur et al., 2010) or from the internet. The
photographs belonged to ten 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., pictured cow,
distractor “fish”). Unrelated distractors were selected by recombining object names that
were semantically 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
distractor. All participants saw each picture once in each condition. Pictures were presented
on a white background on the centre of the screen. Distractors were presented in black font
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inside a white box, centred 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.

The presentation of stimuli and the recording of responses were controlled by E-prime 2.0
software (Psychology Software Tools, Pittsburgh, PA). Participants were laying down in
supine 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
participants. Vocal responses were recorded with a microphone along the MEG data. Trials
began with a fixation cross presented on the centre of the screen for a variable duration,
between 1.7 and 2.1 s. Then, the picture-word stimulus was presented for 2 s.

The MEG system (CTF VSM MedTech) contained 275 axial gradiometers. Three
localisation coils were fixed to the nasion, left, and right pre-auricular points to monitor the
position of participants’ heads relative to the gradiometers. The data were low-pass filtered
by an anti-aliasing filter (300 Hz cutoff), digitized at 1200 Hz, and stored for offline
analysis. A 3" order gradiometer configuration 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 magnetic resonance images (MRIs) and confirmed by a neurologist (RTK).
The lesion delineations were subsequently normalised to the MNI template and checked
again to confirm that no distortions occurred. Per cent damage to different areas was
determined based on the Automated Anatomical Labeling template in MRIcroN (Rorden et
al., 2007). We also compared the precise 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 tract’s volume using Tractotron software as part
of the BCBtoolkit (Foulon et al., 2018, http://www.toolkit.bchlab.com). The selected
pathways were chosen based on them passing through the 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 (AF), the inferior frontal occipital fasciculus (IFOF), and
the inferior longitudinal fasciculus (ILF). Due to the heterogeneity in lesion distribution, we
summarised the lesion profiles using hierarchical clustering over the proportion of damage
to areas substantially impacted by the tumour, 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 grey-matter areas selected for the analysis were: inferior temporal
gyrus (ITG), middle temporal gyrus (MTG), including the pole, superior temporal gyrus
(STG), including the pole, left inferior frontal gyrus (LIFG, part opercularis, pars
orbicularis, and par triangularis), middle frontal gyrus (MFG), superior frontal gyrus (SFG),
insula, and anterior cingular cortex (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
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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 Approximately Unbiased P
value and we employed an alpha-level of .05.

Behavioural analyses

Vocal responses were examined offline for dysfluent responses 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 recognised (0.4%) and uncategorisable
(0.4%). The corresponding trials were excluded from all response time (RT) and MEG
analyses. Naming RTs were calculated manually from the speech signal before trials were
separated by condition. Single-trial data and analysis scripts are available via de Open
Science Framework (http://tiny.cc/4q007y). Single-trial RT and accuracy were analysed with
linear and logistic mixed-effects models, respectively Baayen et al., 2008). Models were
fitted with the Ime4-package (version 3.4.4; Bates et al., 2015) in R (version 3.4.3, R Core
Team, 2017). Both models 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 (ImerTest-package version 3.4.4,
Kuznetsova et al., 2017). We also calculated standard (2) scores for each participant based
on a jack-knifing approach (i.e., the semantic and lexical effects for a given individual are
compared to the group without that individual).

MEG analyses

For the MEG data, analyses were performed using FieldTrip (version 20171231, Oostenveld
etal., 2011) in MatlabR2017h. The data were detrended, down-sampled offline to 600 Hz,
and segmented into epochs from .3 s pre-stimulus to 1 s post-stimulus. Before the data were
separated by condition, MEG epochs were inspected and excessively noisy channels were
removed. Independent component analysis was then used to correct for artefacts, including
eye movements (Jung et al., 2000). Artefact- 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 cut-off
frequency of 30 Hz. The data were further segmented from —.3 to 1 second before
computing the event-related fields, calculated by averaging the trials for each condition and
participant separately, followed by baseline correction using the averaged activity in the
interval of —.3 s to O s relative to picture onset.

Following the evidence that semantic interference (i.e., related versus 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
ms) over the left posterior sensors available for all participants. This “N400 activity” was
used descriptively 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-
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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 non-parametric
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 ms post onset was examined). Non-parametric cluster-based permutation effectively
controls the false alarm rate at the nominal level of .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 thresholded at an alpha level of .05. The permutation p
value was calculated using the Monte Carlo method with 1,000 random permutations. A
Monte Carlo cluster pvalue below 5% (two-tailed testing) was considered significant.

Given the significant results at the sensor level in the N400 time window (see Results
below), we then performed source localisation of the observed effect to further characterise
its spatial distribution using a linearly constrained minimum variance beamforming
approach in the time domain (Van Veen et al., 1997). The single-trial data were further
epoched from -.3 to .45 s 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 conduction model (Nolte, 2003) based on an MRI template.
Ideally, volume conduction models based on the individual patients’ MRIs should have been
used. However, we could not implement this approach since the segmented and normalised
MRIs we obtained were not of sufficient quality for generating 3-dimensional grids of dipole
locations that could be averaged over participants. The volume conduction model was then
used to compute the lead field matrix, which was done for each participant individually,
based on a 3-dimensional grid of dipole locations with equidistant spacing of 10 mm. Thus,
individual subjects’ geometry was considered in the lead-field calculations. In sum, the
approach we adopted is sufficient for distinguishing left from right hemisphere sources, as
the expected margin of error in localisation is smaller than the distance between the left and
right hemisphere locations and most of the accuracy errors relate to signal magnitude, rather
than location (Van Den Broek, Reinders, Donderwinkel, & Peters, 1998; Van Uitert,
Johnson, & Zhukov, 2004; Vorwerk et al., 2014). An LCMV beamformer was applied to the
whole brain, computing a common (i.e., over all conditions) 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 centre of the head
bias, the Neural Activity Index (NAI) was used (Van Veen et al., 1997). Finally, the dipole
moments were average across time within the N400 latency range (i.e., 350-450 ms). The
same non-parametric 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.
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Additional healthy-control data

Results

MEG data from 12 healthy controls (5 females, mean age 60 years, range 47-76) performing
the same PWI task was also analysed to allow for a comparison with the patients’ data. The
materials were 88 coloured photographs from the same database as for the main experiment,
belonging to sixteen 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 procedure and apparatus were the same as for the main experiment. The
MEG data was pre-processed in the same way as for the main experiment, but the data were
segmented into shorter time windows (i.e., —.3 s t0 .6 s) 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 below), we ran a non-
parametric cluster-based permutation test for the semantic effect in the controls within the
N400 time window (i.e., 350-450 ms), 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.

Lesion profile

Behavioural

Figure 2 shows how all 14 participants are grouped in clusters as a function of their grey-
(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 clusters are indicated by the grey outlines. For the grey matter, three different
clusters were identified. The lesion overlap of participants pertaining to these three different
clusters is shown in Figure 3 (left). Participants 1 and 3 formed one cluster, characterised by
lesions overlapping in the ITG. Participants 2 and 12 formed another cluster, characterised
by lesions overlapping in the insula. Participants 5, 6, 7, 8, 9, 10, 11 formed the third cluster,
with inconsistent lesion overlap. Participants 4, 13, and 14 did not enter any clusters,
indicating 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,
including all but participant 13. Thus, the lesion profile analysis indicates that participant 13
had a lesion that did not cluster with other participants’ lesions both at the grey- and white-
matter levels.

results

Overall error rates are presented in Table 1 for each participant individually. At the group
level, no difference was found in accuracy between the related and unrelated conditions
(4.9% vs 5.2%, respectively, b estimate = —.120, S.E. =.243, z = .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 = -.823, S.E. =.273, z = -3.019,
p =.003).

J Cogn Neurosci. Author manuscript; available in PMC 2021 August 03.
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Figure 4 (left panel) shows the RTs for each participant and condition. The median RTs were
1.03 s for the related condition, .978 s for the unrelated, and .913 s for the neutral. Both
lexical and semantic interference effects were found (semantic: b estimate = .06, S.E. = .01, t
=4.66, p <.001; lexical: b estimate = -.06, S.E. =.02, t = -2.73, p = .017). For the semantic
effect, descriptively all participants show semantic interference. For the lexical effect,
descriptively three participants showed facilitation (Participants 8, 11, and 12). Figure 4
(middle 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
effects 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 larger than the group
mean, whereas Participant 12 showed a lexical facilitation effect 1.5 standard deviations
away from 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
individual did not have overall language production problems, as shown for example by his
high accuracy in picture naming (Table 1). We further tested the abnormality in the scores of
Participant 13 for the semantic and lexical effects using a modified paired-samples test
appropriate for single cases (Crawford et al., 1998). For semantic interference, the effect for
Participant 13 was discrepant with the control sample, = -5.044, (estimated percentage of
normal population 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, #= — 1.754 (estimated percentage of normal population more
extreme than Participant 13 = 5.248%).

MEG results

Figure 5A shows the averaged N400 activity between 350-450 ms over left posterior sensors
for each participant for the related and unrelated conditions (left panel) and the semantic
effect (related minus unrelated, right panel). Participant 13 presents a deviant pattern over
left posterior sensors in the ordering of the conditions compared to the rest of the group, ¢=
—2.714, estimated percentage 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 sample for
the three conditions, averaged over the sensors showing the most pronounced differences for
the semantic effect. The difference between the related and unrelated conditions was most
pronounced in the time window between 320 to 460 ms, corresponding to the N40Om
component, over right-hemisphere sensors.

We employed a linearly constrained minimum variance beamforming approach in the time
domain (Van Veen et al., 1997) to localise the sources of the effect in the 350-450 ms time
range. The amplitude of the signal in the 350-450 ms window was significantly different
between the two conditions (Monte Carlo p=.031, one-tailed). The source localisation
results are shown in Figure 5C. Cluster t-values are plotted, masked by the statistically
significant cluster. The source localisation indicates that the modulation in signal amplitude
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in the N400 time window originates in the right hemisphere, most prominently in the middle
temporal gyrus, but also extending more inferiorly and superiorly. Given that Patient 14 had
a brain tumour in the right, language-dominant hemisphere, we repeated the analyses of the
ERFs without Patient 14. The pattern of N400 effect with right-lateralised topography in the
sample of 13 patients with tumours in the left language-dominant hemisphere was virtually
identical to the pattern shown in Figure 5B (Figure S1). We also repeated the analysis with
the 12 right-handed patients. The pattern of N400 effect with right-lateralised topography
was again present in the sample of 12 patients (Figure S1). This finding underscores that the
right-hemisphere shift observed in the whole group is not driven by the individual with right-
hemisphere language dominance or by the two left-handed individuals.

For the healthy controls, a significant cluster was identified for the semantic effect between
350-450 ms (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 significant
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 /efttemporal 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 confirmed by the source
localisation results. Despite the different morphology of the ERFs between the patients and
the controls, in both cases, the amplitude in the unrelated condition deviates most 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 pre-surgical brain tumour patients and, more importantly, examined tumour-
induced neuronal reorganisation. 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 semantic effect. The N400-semantic effect had
sources in the right temporal cortex in tumour 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 behaviour as well as in N400 event-related
responses. We discuss each of these effects below.

We observed the expected lexical interference and semantic interference effects in the
picture naming times, and in the error rates for the lexical interference effect. This is in line
with previous research (Damian & Bowers, 2003; Glaser & Diingelhoff, 1984; La Heij,
1988; Piai et al., 2016; Roelofs, 2003), including the finding that a semantic interference
effect in the error rates is not typically observed (e.g., Piai & Knight, 2018).

Regarding the MEG analyses, for the semantic effect, a difference was found at the group
level between the related and unrelated conditions in the expected time window (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
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localisation 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 ms 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
tumours in the language-dominant left hemisphere. The involvement of the right hemisphere
has been found post-operatively following 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 pre-operatively (De Witte et al., 2014; Krieg et al., 2013;
Rosler et al., 2014; Thiel et al., 2005), a pattern of reorganisation likely induced by the
tumour in the left hemisphere. The same explanation is likely for the present findings.
Altogether, these findings indicate that tumour-induced reorganisation of function, even
prior to 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 post-operatively.
This pattern of reorganisation may explain why most individuals do not present with
substantial language deficits despite the lesions in the dominant language hemisphere. It is
also possible that individuals with more right-hemisphere reorganisation pre-surgically 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 resembles 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 advantage of using electrophysiological
techniques over other techniques to understand lesion-dependent language deficits and
plasticity. Language-related processes happen at a fast time scale and are reflected in the
time-specific amplitude modulations of brain responses. If a particular neural signature is
well characterised, 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 (for
example shifted in hemisphere) due to a brain lesion. This approach provides important
insights for understanding neuroplasticity, as it indicates not only that “new” areas are
involved, but also better characterises “what” these new areas are doing (see for a similar
argument Piai et al., 2017).

The use of a challenging naming task enabled us to observe relatively normal performance
in word production by the patients along with the involvement of “atypical” (right-
hemisphere homologue) brain areas. While most patients do not present with language
deficits when assessed objectively, patients do report experiencing fatigue during every day
language use. It may be the case that these atypical areas are sufficient for overcoming
impairment, but not as efficient for (some) language tasks, explaining patients’ subjective
experience. These are important 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 semantic 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 grey- and white-matter levels. At the grey-matter level, three participants
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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 activity over left posterior sensors that was different for Participant 13.
The discrepant patterns observed for this participant were confirmed by statistical analyses
appropriate for single-subject 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 tumour, grade 111 anaplastic astrocytoma. Whereas Participants
3 and 4 also had high-grade tumours, only in Participant 13 did the tumour infiltrate large
parts of the language-dominant temporal lobe. In particular, this was the only individual with
such a large portion of MTG involvement, and damage in all ventral and dorsal tracts
inspected. The combination of a fast-growing tumour, which limits the time for functional
reorganisation (Desmurget et al., 2007; Kong et al., 2016), in this critical location, i.e., the
language-dominant MTG and the fibres passing through it (Dronkers et al., 2004; Griffis et
al., 2017; Piai & Knight, 2018; Schwartz et al., 2009; Turken & Dronkers, 2011), could
potentially explain the deficits observed 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 the present study is that the number of trials
was not sufficient for analysing 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
localisation analyses. Ideally, individual MRIs should have been used for the volume
conductors including the modelling of the tumours. However, estimating the conductivity of
the tumour is not a trivial task, given the uncertainty in the conductivity values and the
variable degree of vascularisation across patients. In this case, modelling the tumour with
inaccuracies in the conductivity values may be more detrimental than the inaccuracies
introduced by not modelling the tumour (e.g., Van Den Broek et al., 1998). Nonetheless,
there is no reason to expect that the presence of the tumour in the left hemisphere would
affect the source reconstruction results such that a right-hemisphere shift of the amplitude
difference between the two conditions would be produced as an artefact (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 future studies with detailed volume
conduction modelling are needed to confirm our findings.

Conclusions

The replication of the classic lexical and semantic interference effects behaviourally and the
MEG semantic effect attest to the reliability and validity of the approach. The present results
provide support for neuroplasticity in the pre-surgical phase, with the right hemisphere

performing similar neuronal computations (reflected in MEG N400 event-related responses)
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as the left hemisphere typically performs (see also Piai et al., 2017). Additionally, we
identified word-production deficits in one participant with a unique lesion profile, also
affecting the N4A0Om pattern of results. An important question for future research is whether
the behavioural and/or electrophysiological patterns observed pre-surgically with such a
challenging word-production task is predictive of an individual’s deficits intraoperatively
and recovery post-operatively.
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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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Figure 2. Dendrograms of the lesion clusters.
Significant clusters are indicated by the coloured outlines. L eft. Lesion in grey matter

(proportion damage): anterior cingulate, insula, inferior frontal gyrus: pars opercularis,
orbitalis, and triangularis, middle frontal gyrus, superior frontal gyrus, inferior temporal
gyrus, middle temporal gyrus 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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Cluster 3

Figure 3. Lesion overlap.
L eft. Lesion overlap of the participants for the three identified clusters. The colour 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.
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Figure5. A. MEG results.
Averaged activity between 350-450 ms over left posterior sensors for each participant for

the unrelated (circle) and related (square) conditions (left panel) and the semantic effect
(related minus unrelated, right panel). 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 localisation on the group level of the semantic effect in the time
window 350-450 ms. Cluster t-values are plotted, masked by the statistically significant

cluster.
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Figure 6. MEG resultsfor 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 standard error of the mean.
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