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or higher, reaching 96% in the CN condition. For the base 
responses, percentages indicate close to bilateral or 
right-lateralised responses, suggesting that lateralisation 
for word-specific responses is not the result of unspecific 
features of our paradigm.

We present brain responses for ROIs in source space  
in the two separate hemispheres in Figure 7, with word-
specific responses on the left and base frequency 
responses on the right. As apparent from the rightmost 
column in Table 2, at least 76% of participants show left-
lateralised word-selective responses in all conditions. The 
PW condition is the most left-lateralised condition at 96%. 
In contrast, the base responses show left-lateralisation at 
or below 52%.

4.  DISCUSSION

We used fast periodic visual stimulation (FPVS) with com-
bined EEG and MEG to study rapid word discrimination 
processes in the human brain. Our results showed reli-
able and mostly left-lateralised word-selective responses 
in all conditions at the group level, even for the most fine-
grained lexical contrast where words were embedded in 
orthographically matched pseudo-words. Word-selective 
responses were modulated by the word-likeness of base 
stimuli, as they were strongest when words were pre-
sented among consonant strings, weaker among non-
words, and weakest among pseudo-words. Therefore, 
we extend for the first time the results originally obtained 
in French (Lochy et al., 2015) to the English language.

In the past decade, EEG coupled with FPVS has shown 
substantial advantages in terms of sensitivity, recording 
neural responses with a high SNR in just a few minutes, 
and objectivity, by identifying and quantifying the response 
at a pre-determined frequency, without any explicit linguis-
tic task. The oddball FPVS design (reviewed in Rossion 
et al., 2020) measures neural responses to a deviant cate-
gory of stimuli as an index of a differential processing 
between base and oddball stimuli (i.e., all common pro-
cesses between base and oddball stimuli project to the 
common base rate response, which can be also objec-
tively identified in the EEG spectrum). This method has 
been widely used with children learning to read (de Ghelcke 
et  al., 2020, 2021; Lochy et  al., 2016; Lutz et  al., 2024; 
Wang et al., 2023, 2024), in developmental disorders (e.g., 
dyslexia (Lochy, Collette, Rossion, Schiltz, submitted)), 

Fig. 4.  Statistics in sensor space. Summed Z-scored 
spectra were tested against zero using cluster-based 
permutation tests for each sensor type separately. Black 
circles indicate sensors that are part of a significant cluster. 
CN: consonant strings; NW: non-words; PW: pseudo-words.

Fig. 5.  Source space analysis of word-specific responses. 
The panels show word-specific Z-scored summed spectra 
in source space (based on L2 minimum-norm estimation) 
masked by significant clusters from a cluster-based 
permutation test against zero. CN: consonant strings; NW: 
non-words; PW: pseudo-words.



9

O. Hauk, M. Marchive, A. Volfart et al.	 Imaging Neuroscience, Volume 3, 2025

and in healthy populations to study automatic lexical  
recognition (Lochy et  al., 2015, 2024; Marchive et  al., 
accepted) or semantic discrimination (Volfart et al., 2021).

This approach provides important information about 
the neural bases of reading and left hemispheric lateralisa-

tion. Previous FPVS-EEG studies have shown left occipito-
temporal topographies for word recognition, modulated 
by the word discrimination contrast (Lochy et  al., 2015, 
2018, 2024) and reading abilities (Lochy et al., 2016; Mar-
chive et al., accepted; Wang et al., 2023). These findings 

Fig. 6.  Z-scores for left and right sensor-space ROIs for individual participants. The bar graphs show average RMS 
Z-scores across left and right occipito-temporal EEG sensors (left) and temporal gradiometers (right), respectively. CN: 
consonant strings; NW: non-words; PW: pseudo-words.
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are in agreement with the known brain regions implicated 
in reading and visual word recognition, such as the left 
ventral occipito-temporal cortex (lateral fusiform gyrus/
occipito-temporal sulcus) (Cattinelli et al., 2013; Dehaene 
et al., 2005; Schurz et al., 2015; Wandell & Le, 2017), and 
align with fMRI studies showing left dominance in the 
VOTC for pre-lexical or lexical processes (Jobard et al., 
2003; Vinckier et al., 2007), notably in the visual word form 
area (VWFA) (Cohen et  al., 2000, 2002; Dehaene et  al., 
2005, 2010). In the context of our FPVS results, it is import-
ant to note that fMRI studies of word recognition invariably 
show some degree of bilateral yet asymmetric vOT 
responses to written words and letter strings (Behrmann & 
Plaut, 2015), a pattern that is mirrored in case-series stud-
ies of patients with damage to these regions (Behrmann & 
Plaut, 2014; Roberts et  al., 2013). Thus, an approach 
involving implicit, rapid, and objective measurement is 
important to extend to other languages. Although word-
selective responses were found in German (Aristei et al., 
2017), a recent study encountered difficulties replicating 
these effects in 10 English participants (Barnes et  al., 
2021). Lochy et al. (2024) discussed this discrepancy as 
potentially stemming from linguistic differences between 
French and English in orthographic neighbourhood den-
sity (N), or methodological differences in the choice of 
pseudo-words.

In our study, we employed a larger number of partici-
pants and selected pseudo-words matched pairwise to 
the word stimuli for consonant/vowel structure, bigram 
frequency, and neighbourhood density. We successfully 
extended results from the French studies (Lochy et al., 
2015, 2024) to English. This is important, as previous rep-
lications with English stimuli had limited success (Barnes 
et al., 2021), which might have been due to intrinsic lan-
guage differences. English and French languages vary in 

several orthographic properties, such as transparency, or 
the number of orthographic neighbours. English words 
have a greater orthographic neighbourhood size than 
French words overall, and neighbourhood size has been 
shown inconsistently to play a facilitatory (Grainger, 1992; 
Perea, 2015) or inhibitory (Perea et  al., 2008; Pollatsek 
et al., 1999; Whitney & Lavidor, 2005) role on word recog-
nition, although the picture is further complicated by both 
frequency effects and task demands (Grainger & Segui, 
1990).

In our study, we found a word-selective response for 
all conditions at the group level, modulated by the word-
likeness of base stimuli (mirroring behavioural effects 
found previously in behavioural lexical decision studies 
(Evans et al., 2012)). As explained by Lochy et al. (2015), 
the word discrimination amplitude depends on the nature 
of the list context. For example, when words are discrim-
inated among pseudo-letters, the response is larger and 
more bilateral (although with a left hemispheric domi-
nance) than for words among non-words (NW) or pseudo-
words (PW) (Lochy et  al., 2015). Indeed, discriminated 
against pseudo-letters, responses to written words may 
reflect not only lexical and orthographic processes but 
also, more basically, the contrast of real letters to non-
existing letter-like forms, thus generating more bilateral, 
lower-level, visual responses. Similarly, words among NW 
appear to trigger a larger amplitude response than words 
among PW (Lochy et  al., 2015), possibly because this 
coarser contrast may be based on pre-lexical orthographic 
plausibility detection by comparison with the finer con-
trast. Our EEG/MEG results also evidence this modulation 
of response strength, with stronger responses for words 
among consonant strings, than among non-words or 
pseudo-words. Importantly, word-selective responses at 
the group level were located over the left vOTC.

Table 1.  Statistical results for laterality of Z-scores.

EEG (PO7/PO8) 
Word-selective | base t(p)

Gradiometers (ROI) 
Word-selective | base t(p)

Temporal lobe 
Word-selective | base t(p)

CN 1.7 (0.11) | -1.6 (0.13) 7.0 (3.4e-7) | -1.6 (0.13) 6.4 (0.000001) | -1.9 (0.06)
NW 1.4 (0.17) | -1.0 (0.33) 5.6 (0.00001) | -1.8 (0.08) 4.2 (0.0003) | 0.0 (0.99)
PW 0.5 (0.62) | -0.4 (0.71) 3.4 (0.002) | -1.5 (0.16) 5.6 (0.000009) | -1.0 (0.32)

T- and p-values are shown for word-selective and base responses, respectively. (Marginally) significant p-values are underlined.

Table 2.  Percentage of participants with left-lateralised FPVS responses in sensor and source space for word-selective 
and base responses, respectively.

EEG (PO7/PO8) 
Word-selective | base

Gradiometers (ROIs) 
Word-selective | base

Temporal lobe 
Word-selective | base

CN 60% | 44% 96% | 36% 88% | 44%
NW 52% | 52% 88% | 32% 76% | 52%
PW 52% | 56% 68% | 48% 96% | 48%
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Besides extending the results from Lochy et al. (2015) 
to the English language, we also presented MEG in addi-
tion to previous EEG results, and used their combination 
for source estimation. Only one previous study used EEG 
and MEG with an FPVS paradigm, on face categorisation 
(Hauk et  al., 2021), and provided useful information on 

distributed sources over left and right hemispheres. Our 
source space results complemented those in sensor 
space. Word-selective responses in the group analysis 
were plausibly localised to the temporal lobe and  
left-lateralised. As in sensor space, they were most reli-
able for words in consonant string context, followed by 

Fig. 7.  Z-scores for left and right temporal lobe ROIs in source space for individual participants. The bar graphs show 
mean absolute Z-scores averaged across inferior, middle, and superior temporal ROIs from the Desikan–Killiany cortical 
parcellation for individual participants (labelling as in Fig. 6). Blue bars represent values for the left hemisphere (LH) and 
orange bars for the right hemisphere (RH), respectively. The left side shows bar graphs for word-specific responses and 
the right side for responses at the base frequency. CN: consonant strings; NW: non-words; PW: pseudo-words.



12

O. Hauk, M. Marchive, A. Volfart et al.	 Imaging Neuroscience, Volume 3, 2025

non-words and pseudo-words. Significant Z-scores 
spread along the left temporal lobe for words embedded 
in a sequence of consonant strings showing a coarser 
discrimination contrast with a more bilateral response 
over the occipital visual areas. More focal and left-
lateralised responses appeared with finer-grained lexical 
discrimination. However, the differences in SNR between 
conditions make a more detailed comparison of source 
distributions difficult. Nevertheless, the peaks of these 
distributions in the left temporal lobe were in similar loca-
tions across conditions, suggesting that the underlying 
distributions are similar and mainly differ with respect to 
their noise levels (see also Lochy et al., 2018).

Second, we were able to assess individual discrimina-
tion responses. Previous studies on face-selective FPVS 
responses suggested that reliable category-specific 
responses could be obtained for the majority of partici-
pants with only a few minutes of data recording, raising 
the possibility that FPVS could become a standard tool 
for localiser scans or to monitor perceptual and cognition 
processes in clinical populations (Lochy et  al., 2015; 
Rossion et al., 2015). With respect to word-like stimuli, 
the study by Lochy et  al. (2015) reported that word-
specific responses for French words among well-
matched pseudo-words could be detected as above 
baseline for the majority of participants, especially when 
topographies and laterality were taken into account. This 
high rate of response detection at the individual level was 
recently replicated (Lochy et al., 2024). Such a high sen-
sitivity is an extremely important factor for future investi-
gation of clinical populations (e.g., dementia) and 
developmental disorders (e.g., dyslexia) or for assessing 
the emergence of brain specialisation for print and lexical 
representations in young children. Interestingly, in the 
present study, MEG and source estimation produced a 
more consistent pattern with respect to lateralisation of 
word-selective responses than EEG. While EEG pro-
duced only numerically left-lateralised but non-significant 
responses at the group level, gradiometers achieved 
more than 68% and up to 96%, respectively, and in 
source space reached its highest level at 96% in the 
pseudo-word condition.

While we found clear left-lateralisation for word-
specific responses in gradiometer signals and in source 
space, our EEG signals were generally more bilateral. In 
principle, this could be explained by differential sensitiv-
ity of different sensor types to different aspects of the 
underlying sources. MEG is relatively insensitive to radial 
sources, while those contribute strongly to EEG signals. 
Similarly, MEG sensitivity falls off more steeply with dis-
tance to the sensors than for EEG (and particularly for 
gradiometers). Thus, EEG may be sensitive to more widely 
distributed sources than MEG, which could be reflected 

in more bilateral responses. However, this is in contrast to 
previous studies that reported consistent left-lateralised 
responses for EEG as well (Barnes et  al., 2021; Lochy 
et al., 2015; Pescuma et al., 2022). One major difference 
between these studies and the present study is that they 
had a higher density of EEG channels and analyses were 
performed on ROIs, while here we used only one EEG 
channel per hemisphere due to less dense electrode cov-
erage. Thus, future studies should reveal whether this 
apparent discrepancy is due to stimulus material (e.g., 
English vs. French), differential sensitivities of MEG and 
EEG, or other methodological issues.

In conclusion, our study marks significant progress 
towards using MEG, potentially alongside EEG, to identify 
word-specific brain responses and their neural sources 
in individual participants. This approach could greatly 
enhance research across diverse participant groups, 
including clinical populations and children. Advance-
ments in non-cryogenic on-scalp MEG sensors show 
particular promise, as they may further improve the 
signal-to-noise ratio (Boto et al., 2018).
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