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Abstract  Based on the joint investigation in 287 healthy volunteers (150 Left-Handers (LH)) of language 
task-induced asymmetries and intrinsic connectivity strength of the sentence-processing supramodal network, 
we show that individuals with atypical rightward language lateralization (N =  30, 25 LH) do not rely on an 
organization that simply mirrors that of typical leftward lateralized individuals. Actually, the resting-state or-
ganization in the atypicals showed that their sentence processing was underpinned by left and right networks 
both wired for language processing and highly interacting by strong interhemispheric intrinsic connectivity 
and larger corpus callosum volume. Such a loose hemispheric specialization for language permits the hosting of 
language in either the left and/or right hemisphere as assessed by a very high incidence of dissociations across 
various language task-induced asymmetries in this group.
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properties and mechanisms that enable the inter-he-
mispheric coordination necessary for efficient proces-
sing” (Hervé, Zago, Petit, Mazoyer, & Tzourio-Ma-
zoyer, 2013). Major issues on the topic of hemispheric 
functional segregation have been listed in a recent 
review article (Vingerhoets, 2019). Highlighting the 
importance of in-depth investigations of individuals 
exhibiting atypical hemispheric lateralization for lan-
guage production, several burning questions related to 
this atypical phenotype were identified including the 
characterization of its regional pattern, its relationship 
with handedness, its structural underpinnings, whether 
such atypicality holds for other cognitive functional 
phenotypes, and whether it is associated with varia-
tions in behaviour and/or cognitive abilities.

To comprehensively understand typical and atypi-
cal hemispheric organization for high-order language 
processing, it is necessary to examine the functional 
organization of the language network in the dominant 
hemisphere together with its interhemispheric coor-
dination with the mirroring network in the opposite 
hemisphere. Such an approach can be completed by in-
tegrating different and complementary neuroimaging 
information provided by resting-state and task-in-
duced activation investigations.

Task-induced functional asymmetries are re-
liable markers for assessing individuals’ hemis-
pheric specialization for language, as attested 
by the very good concordance between fMRI 
asymmetries measured during language tasks 
and Wada testing, which is considered the gold
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Introduction

Hemispheric specialization, and more particularly 
hemispheric specialization for language, can 
be defined as “... a hemisphere-dependent 
relationship between a cognitive, sensory, or 
motor function and a set of brain structures. It 
includes both the hosting by a given hemisphere of 
specialized networks that have unique functional
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standard to measure dominance (Dym, Burns, Free-
man, & Lipton, 2011). This methodology makes it 
possible to revisit the incidence of atypical organiza-
tion in healthy individuals in relationship with hande-
dness. The earliest research on this topic reported that 
rare individuals presenting a shift in lateralization —
having rightward asymmetry during language tasks— 
can be found in left-handers (Hund-Georgiadis, Lex, 
Friederici, & von Cramon, 2002; Pujol, Deus, Losilla, 
& Capdevila, 1999; Szaflarski et al., 2002). This last 
observation is consistent with previous aphasia studies 
(Hécaen & Sauguet, 1971) and investigations of epi-
leptic patients with Wada testing (Isaacs, Barr, Nel-
son, & Devinsky, 2006), but the very low incidence 
of atypical individuals coupled with the low incidence 
of left handedness is a difficulty in the assessment 
of language lateralization variability in healthy indi-
viduals. To overcome this issue, we gathered a da-
tabase of healthy volunteers specifically enriched in 
left-handers (BIL&GIN; Mazoyer et al., 2016) and 
measured the hemispheric functional lateralization in-
dex (HFLI; Wilke & Schmithorst, 2006) for sentence 
production in 297 of its participants. We thereby un-
covered 3 patterns of language lateralization, namely, 
10 strong-atypical individuals with strong rightward 
lateralization that included only left-handers, 37 am-
bilateral individuals, including 23 left-handers, with 
weak or no lateralization and 250 typical individuals 
with strong leftward lateralization, including 120 
left-handers (Mazoyer et al., 2014). In a subsequent 
investigation of regional asymmetries in these same 
participants, we provided evidence that there were no 
differences between typical right- and left-handers in 
terms of regional patterns of asymmetry. In contrast, 
left-handed ambilaterals were not lateralized unlike 
right-handed ambilaterals who showed a modest lef-
tward asymmetry (Tzourio-Mazoyer, Joliot, Marie, & 
Mazoyer, 2016). Left-handed ambilaterals were also 
characterized by higher connectivity at rest across ho-
motopic language regions suggesting that enhanced 
interhemispheric cooperation at rest is a marker of in-
creased interhemispheric cooperation associated with 
decreased asymmetries during sentence minus list pro-
duction contrast (Tzourio-Mazoyer et al., 2016).

This last result highlights the importance of 
resting-state fMRI for the investigation of language 
network organization, as it makes it possible to mea-
sure the functional intrinsic connectivity of networks 
within each hemisphere and the differences in 
connectivity between the hemispheres. Raemaekers, 
Schellekens, Petridou, and Ramsey (2018) showed a 
significant association across individuals between the 
asymmetry in functional connectivity scores and the 
asymmetries in language task lateralization scores 
measured in language regions located along the lon-
gitudinal fissure in 423 healthy volunteers. Consistent 
with the Raemaekers et al. report, we have recently 
shown that in the left hemisphere, the resting state

degree centrality (Rs_DC), or strength of connectivity, 
was significantly correlated with task-induced activa-
tions in the supramodal network of regions dedicated 
to sentence processing (SENT_CORE; Labache et al., 
2019). Moreover, the Reynolds’ study involving 117 
children demonstrated that asymmetry in the strength 
of connectivity between language areas followed the 
same developmental pattern of increases in asymmetry 
between 2 and 7 years old (Reynolds, Long, Grohs, 
Dewey, & Lebel, 2019) as that reported with task-in-
duced activations (Friederici, Brauer, & Lohmann, 
2011; Perani et al., 2011). Finally, such asymmetries 
in within-hemisphere intrinsic connectivity at rest are 
modified in individuals with rightward lateralization for 
language production (Joliot, Tzourio-Mazoyer, & Ma-
zoyer, 2016). Taken together, these studies demons-
trate that language network intrinsic connectivity and 
its asymmetry are important markers to characterize 
the variability in language organization in the brain.

A key issue that remains unresolved regarding 
the typical and atypical organization for language in 
healthy individuals is that of dissociation. Actually, 
there is very little knowledge on homogeneity in la-
teralization across different language components in 
healthy individuals. Neuropsychological studies such 
as the seminal study conducted by Hécaen in left-han-
ders (Hécaen & Sauguet, 1971; Hécaen, De Agostini, 
& Monzon-Montes, 1981) have shown that hemisphe-
ric dominance is not a property of a given hemisphere 
but rather that the dominant hemisphere may shift for 
different language functions in some individuals. After 
left hemisphere lesions, left-handed aphasic patients 
can show rare deficits in comprehension, while deficits 
in production are constant, indicating a dissociation of 
these two language components (Hécaen et al., 1981). 
PET studies with healthy volunteers have provided 
evidence of dissociations between production and com-
prehension in rare left-handers, with a leftward asym-
metry during production and a rightward asymmetry 
during comprehension (for example, Tzourio-Mazoyer, 
Josse, Crivello, & Mazoyer, 2004). In pathological 
states, particularly epilepsy, several studies have re-
ported dissociations between asymmetries for lan-
guage production and those for listening (Baciu et al., 
2003; Kurthen et al., 1994; Kurthen et al., 1992; Lee 
et al., 2008), and the results of a longitudinal study of 
Wada testing in 4 of these patients suggested that lan-
guage production was more likely to shift hemispheres 
than speech comprehension (Lee et al., 2008).

The occurrence of dissociation, particularly in 
some healthy individuals, suggests a potential inde-
pendence of different language components in terms 
of hemispheric dominance, which calls for the search 
for factors in brain organization that could allow diffe-
rent language components to be hosted in different 
hemispheres. One hypothesis could be that a loose or-
ganization in terms of lateralization, marked by some 
bilateral involvement of language areas and strong
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interhemispheric connectivity, would make it possible 
for different language components to be lateralized in 
different hemispheres. In such a case, one should ob-
serve an increased occurrence of dissociations in aty-
picals, and a better knowledge of the characteristics 
of the individuals who are more likely to host disso-
ciations will make it possible to optimize the neuroi-
maging paradigm used to determine language latera-
lization. For example, as implemented in presurgical 
evaluations of epileptic patients (Baciu et al., 2003, 
2005), a paradigm that includes a battery of language 
tasks in addition to production could be designed for 
this subpopulation.

Regarding these matters, the present study, 
which includes measures of lateralization during pro-
duction, listening and reading tasks in the same parti-
cipants, is an opportunity to refine the understanding 
of dissociations. Reading is the last language function 
acquired through development, since the emergence of 
this language component relies on strong interactions 
between speech, eye motor systems, and preortho-
graphic processing by visuospatial attentional areas 
whose lateralization is located in different hemispheres 
(Lobier, Peyrin, Le Bas, & Valdois, 2012; Petit et al., 
2014). One might suggest that dissociations between 
the lateralization of speech comprehension and produc-
tion could occur from two different sources of varia-
bility: speech perception (Zatorre, Belin, & Penhune, 
2002) and motor control of speech (Lieberman et al., 
2007), respectively. Nevertheless, examining reading 
lateralization, which is established later on the basis of 
comprehension and production lateralization, will al-
low us to enlarge the question of the possible sources 
of interindividual variability in language lateralization 
to that of the relationships between rightward latera-
lized visuospatial functions and leftward lateralized 
language functions.

Hemispheric asymmetries in gray and white mat-
ter have been used to investigate variability in hemis-
pheric specialization for language, although these mea-
sures mainly provide information on inherited gross 
anatomical differences between the two hemispheres, 
which are observable at the whole brain level as a glo-
bal torsion of the brain (i.e., the Yakovlevian torque; 
Toga & Thompson, 2003). In areas related to language 
processing, such as the planum temporale close to the 
sylvian fissure, leftward asymmetries of fissure depth 
are seen in utero (Habas et al., 2012), and these asym-
metries are of the same amplitude at birth as in adults 
(Hill et al., 2010), showing no subsequent modifica-
tions during development (Li et al., 2014). Notably, 
in adults, the gross leftward asymmetry of the planum 
temporale does not have the characteristics of a marker 
of hemispheric dominance at the individual level (Tzou-
rio-Mazoyer, Crivello, & Mazoyer, 2018). Even if some 
local relationships were found between gray matter and 
language task-induced functional asymmetries during 
word listening, they explain only a small fraction of the

interindividual variability of local functional asymme-
tries (Josse, Kherif, Flandin, Seghier, & Price, 2009). 
The corpus callosum, made of fibers connecting both 
hemispheres, has also been investigated as it is the 
main anatomical support for interhemispheric connec-
tivity. The corpus callosum surface or volume has thus 
been measured as a potential anatomical marker of 
this interhemispheric connectivity. Actually, during 
the course of phylogenesis, increasing brain volumes 
go along with decreasing corpus callosum volumes re-
lative to brain size (review in Hopkins & Cantalupo, 
2008). On this basis, one should expect that a strong 
lateralization would be associated with a smaller cor-
pus callosum volume, as previously observed in males 
for anatomical hemispheric asymmetries (Dorion et al., 
2000). To date, no studies have investigated the direct 
relationships between the interindividual variability in 
hemispheric specialization for language and anatomi-
cal hemispheric asymmetries or corpus callosum vo-
lume, so there is still no evidence of a direct association 
between anatomical and functional asymmetries.

This survey of previous findings can be summa-
rized in the following way: leftward lateralized typical 
individuals can be right- or left-handers, they have lef-
tward anatomical asymmetries both at the hemispheric 
level and at the regional level, they are leftward asym-
metrical during language production and leftward 
asymmetrical for Rs_DC at rest, and they show lower 
intrinsic interhemispheric connectivity than individuals 
who are symmetrical during language production. In 
contrast, the type of organization in individuals who 
are not leftward lateralized is difficult to summarize 
because of the low incidence of atypical language la-
teralization and its heterogeneity. For instance, either 
a rightward asymmetry or an absence of asymmetry 
during language production can be observed in atypical 
individuals, corresponding either to a shift in the domi-
nant hemisphere or to bilateral dominant or nondomi-
nant hemispheres, as we have previously shown using 
support vector machine (Zago et al., 2017). Moreover, 
to our knowledge, there is a lack of information on the 
lateralization of language comprehension and reading 
and the occurrence of dissociations in relation to typi-
cal or atypical language organization.

Another open question is the relationship between 
typical and atypical hemispheric specialization for 
language and cognitive performance that can be en-
visioned within different frameworks. Some authors 
have proposed that the decreased verbal performance 
observed in language developmental disorders may 
be related to a lack of lateralization (Bishop, 2013; 
Tallal, 1981; Tallal & Schwartz, 1981). In healthy 
volunteers, there is some evidence of such a rela-
tionship but with a moderate impact on performance 
not specific to verbal abilities (Mellet et al., 2014). A 
larger framework would be the possible association 
between defects in complementary specialization and 
nonoptimal cognitive functioning (reviewed in Vin-
gerhoets, 2019), with such an abnormal setting of
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complementary specialization being expected to occur 
in individuals with atypical hemispheric specialization 
for language brain organization.

To address these important questions regarding 
the interindividual variability in language organization 
in healthy individuals, we investigated 287 participants 
from the BIL&GIN who completed both resting-state 
fMRI and task-related fMRI during sentence-produc-
tion, sentence-listening and sentence-reading tasks. 
These participants were also mapped for their anato-
mical hemispheric asymmetries and completed a bat-
tery of 7 verbal and 4 visuospatial tests (Mazoyer et 
al., 2016).

Results

Descriptive statistics of the groups identified by 
hierarchical clustering
The agglomerative hierarchical procedure resulted in 
the identification of 3 clusters; 3 clusters were found 
to be optimal by 14 R statistical indices (from over 
30 that were used to assess the quality of the clas-
sification). Hereafter, we will refer to these clusters 
as groups varying in their «language organization». 
These 3 clusters were labeled according to their 
task-induced mean asymmetries: a first cluster inclu-
ding 125 participants with strong leftward asymme-
tries in the 3 language tasks was named strong ty-
pical (TYP_STRONG; see Table 1 and Figure 1), a 
second cluster of 132 participants exhibiting moderate 
leftward asymmetry was labeled mild typical (TYP_
MILD), while the third cluster included the remaining 
30 participants showing rightward mean asymmetry 
in the 3 tasks was labeled atypical (ATYP). Whe-
never needed, the TYP_STRONG and TYP_MILD 
groups were pooled and referred to as the TYP group.

Task performance
Response time in each of the 3 tasks did not depend on 
“language organization” (Table 2), when age, hande-
dness and sex were taken into account (all p > 0.49). 
The mean number of words generated per sentence 
was 12.4 (SD = 2.0), was also independent of “lan-
guage organization” classification, when age, handed-
ness and sex were taken into account (p = 0.97). Note 
that the average number of recalled sentences  was 
9.42 (SD = 0.96) for a maximum of 10.

Demography and handedness
A significant difference was observed in the propor-
tion of left-handers among the 3 “language orga-
nization” groups (p = 0.0007) due to a larger pro-
portion of left-handers in the ATYP (83.3%) than in 
either the TYP_MILD (49.3%) or TYP_STRONG 
(46.4%) groups. The differences in the proportion 
of left-handers was significant between the ATYP 
and TYP_MILD groups (p = 0.0007) and ATYP

and TYP_STRONG groups (p = 0.0001), while no 
difference was observed between the TYP_MILD and 
TYP_STRONG groups (p = 0.48).

The proportion of women differed among the 3 
groups (p = 0.006, chi-square test); the proportion 
was significantly higher in the TYP_MILD group 
(58%) than in the TYP_STRONG group (38%; p 
= 0.0013, t-test) but was not different between the 
ATYP group (50%) and either the TYP_MILD (p = 
0.41) or TYP_STRONG (p = 0.25) groups.

Note that there were no significant differences in 
age or cultural levels between the 3 groups (p > 0.29 
in both cases).

Profile of task-induced lateralization according 
to “language organization”
A significant “task” by “language organization” inte-
raction on the absolute values of task-induced asym-
metry was found for both the SENT_CORE and the 
SENT_HUBS set of regions of interest (ROIs) (MA-
NOVA analyses, p < 10-4 for both cases; see Figure 
1 and Table 1). Indeed, in contrast to the two other 
groups, the ATYP group did not show any difference in 
asymmetry across the language tasks in either SENT_
CORE (all p > 0.99) or SENT_HUBS (p > 0.83). 
In contrast, there were significant differences between 
tasks for either the TYP_STRONG or TYP_MILD 
groups in both SENT_CORE and SENT_HUBS, 
with a stronger asymmetry during the PRODSENT-WORD 
than during the READSENT-WORD task (all p < 0.001), 
with the asymmetry during the latter being larger 
than that during the LISNSENT-WORD task (all p < 0.017). 
Note that the “task” main effect was significant for 
both SENT_CORE and SENT_HUBS (p < 10-4).

There was a significant “language organization” 
by “handedness” interaction on SENT_CORE (p = 
10-4), although the interaction did not reach signifi-
cance on SENT_HUBS (p = 0.12). In SENT_CORE, 
this interaction was because the right-handed indivi-
duals in the TYP_STRONG group had higher asym-
metry strength than the left-handers (p = 0.03), 
while the opposite pattern was observed in the ATYP 
group: left-handers had stronger asymmetry strength 
than right-handers (uncorrected p = 0.0075). Note 
that there were no differences between right-handers 
and left-handers in the TYP_MILD (p = 0.64) and 
ATYP (p = 0.08) groups. A similar pattern, although 
not reaching the significance threshold, was found in 
SENT_HUBS.

There was no main effect of “handedness” on the 
absolute values of asymmetries with SENT_HUBS 
(p = 0.94), but there was a significant effect with 
SENT_CORE (p = 0.0023). Finally, there was no 
significant “language organization” by “handedness” 
by “task” triple interaction (SENT_CORE: p = 0.29; 
SENT_HUBS: p = 0.57).
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Figure 1.  Scatterplots of individual asymmetry values in each task measured as the mean of SENT_CORE and as the 
mean of the 3 hubs (SENT_HUBS) for the 3 groups clustered by hierarchical clustering and stratified according to 
their status as CONGRUENT or CROSSED and their handedness (right-handers: RH, left-handers: LH). The first row 
depicts the location of the 18 hROIs  constituting the SENT_CORE network (left) and the 3 hROIs constituting SENT_
HUBS (right). Atypicals (ATYP), typicals with moderate asymmetries (TYP_MILD) and typicals with strong asymme-
tries (TYP_STRONG) correspond to the 3 groups resulting from multitask and multimodal hierarchical agglomerative 
clustering (PRODSENT-WORD: red, LISNSENT-WORD: green and READSENT-WORD: blue).

Table 1.  Characteristics of the 3 
groups after hierarchical clustering on 
the variables that served at the clas-
sification and also on absolute values 
of task-induced asymmetries. SENT_
CORE network asymmetry (left minus 
right) was calculated as the volumetric 
mean of the 18 hROIs in each contrast 
while hub asymmetry was calculated 
as the volumetric mean of the 3 hROIs 
classified as hubs in 145 right-handers 
(inferior frontal gyrus: F3t, and two re-
gions of the superior temporal sulcus: 
STS3 and STS4). mIHHC corresponds 
to the averaged resting-state Inter He-
mispheric Homotopic Correlation across 
the 18hROIs composing SENT_CORE 
(Rs_mIHHC). Resting-state Degree 
Connectivity (Rs_DC) was calculated 
in the SENT_CORE network in each 
hemisphere. Mean Rs_DC corresponds 
to the mean of the left and right SENT_
CORE Rs_DC. The standard deviations 
are between brackets.
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Table 2.  Measures related to tasks 
execution in the 3 groups varying in 
hemispheric lateralization. Mean (SD) 
of response times and self-reports of 
task difficulty rated on a 1 to 5 scale 
are shown for each fMRI run (Sentence 
production: PROD, sentence listening: 
LISN, sentence reading: READ). In 
addition, sample mean (SD) of the 
average number of words per sentence 
recalled during the debriefing  of the 
PROD run is shown.

Figure 2.  Intrahemispheric mean intrinsic connectivity 
strength of the SENT_CORE network in the 3 groups 
differing in language organization. Right (green) and left 
(red) values of the mean resting-state degree connectivity 
(Rs_DC) of SENT_CORE in the 3 groups. Significant lef-
tward DC asymmetry is only present only in TYP groups 
(Tukey’s HSD test p < 10-4, N TYP_MILD = 132, N 
TYP_STRONG = 125) and right Rs_DC is higher in the 
ATYP group (N = 30) than in the TYP_STRONG and 
TYP_MILD groups (p < 10-4, Tukey’s HSD test). Error 
bars correspond to the 95% confidence intervals.

TYP_MILD  (p < 10-4) and TYP_STRONG (p < 10-

4) groups, whereas the TYP_STRONG group showed 
significantly larger Rs_DC values than the TYP_
MILD group (p = 0.0044).

Intrinsic connectivity
In contrast to previous findings, there was no “hande-
dness” main effect or “handedness” by “language or-
ganization” interaction on any of the SENT_CORE 
intrahemispheric and interhemispheric intrinsic 
connectivity variables (p > 0.52).

A significant main effect of “language organi-
zation” was observed on the mean resting-state in-
terhemispheric homotopic correlation (Rs_mIHHC, p 
= 0.0077) due to significantly lower Rs_mIHHC in 
the TYP_STRONG group than in the ATYP group (p 
= 0.01, see Table 1), while there were no significant 
differences between the TYP_STRONG and TYP_
MILD groups (p = 0.12) or between the ATYP and 
TYP_MILD groups (p = 0.20).

A significant main effect of “language organi-
zation” was observed on the average of the left and 
right intrahemispheric degree centrality (Rs_DC, p < 
10-4): the ATYP group showed a significantly higher 
average Rs_DC than either the TYP_MILD (p < 10-

4) or TYP_STRONG (p = 0.013) groups, while the 
TYP_STRONG group had a significantly higher ave-
rage Rs_DC than the TYP_MILD group (p < 10-4).

A “language organization” by “side” interaction 
was also found to be significant on Rs_DC (p < 10-

4): the ATYP group showed no leftward asymmetry 
(asymmetry not significantly different from 0: p = 
0.80), in contrast to both the TYP_STRONG and 
TYP_MILD groups (significant leftward asymme-
try: both p < 10-4), leading to significant differences 
between the ATYP group and the two other groups 
(both p < 10-4), while Rs_DC leftward asymmetry 
was not different between the TYP_MILD and TYP_
STRONG groups (p = 0.96).

Inspection of the right and left Rs_DC values 
in the 3 groups showed two different patterns de-
pending on the considered hemisphere (Figure 2 and 
Table 1). In the left hemisphere, the TYP_MILD 
group had a significantly lower Rs_DC than the 
TYP_STRONG group (p = 0.0018) but was not 
different from the ATYP group (p = 0.063), and 
the TYP_STRONG group was not different from the 
ATYP group (p = 1). In the right hemisphere (Fi-
gure 2), the ATYP group had very strong Rs_DC 
values, which were larger than those in both the
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Dissociations in asymmetry direction across 
tasks

Descriptive statistics
Twenty-three individuals exhibited dissociation in their 
asymmetries induced by the 3 language tasks. These 
23 individuals will be referred to as “CROSSED” 
and the others as “CONGRUENT”. The occurrence 
of CROSSED individuals within each lateralization 
group was higher in the ATYP group (N = 12, 40%) 
than in either the TYP_MILD (N = 9, 6.82%, p < 10-

4) or TYP_STRONG (N = 2, 1.6% p < 10-4) groups, 
while the difference in the occurrence of dissociation 
between the TYP_MILD and TYP_STRONG groups 
failed to reach significance (p = 0.057).

Seventeen of the 23 (74%) CROSSED partici-
pants were left-handed, a proportion significantly lar-
ger than that in the rest of the sample (p = 0.02). 
Meanwhile, the gender ratio was not different from the 
rest of the sample (10 women, 43%; p = 0.60).

Dissociations in the CROSSED_ATYP indivi-
duals mostly corresponded to leftward asymmetry du-
ring PRODSENT-WORD together with rightward asymme-
try during READSENT-WORD and LISNSENT-WORD, and this 
pattern held for both SENT_CORE and SENT_HUBS 
(Figure 3). Only 3 of the 12 CROSSED_ATYP indi-
viduals showed the reverse pattern of rightward asym-
metry during PRODSENT-WORD together with leftward 
asymmetry during READSENT-WORD and/or LISNSENT-

WORD (see Figure 3).
The picture was very different for dissocia-

tions in TYP_MILD individuals who were characte-
rized by small rightward asymmetries mainly obser-
ved with READSENT-WORD (only one participant had 
a strong negative asymmetry with READSENT-WORD 
in SENT_HUBS). Finally, the two dissociations ob-
served in the TYP_STRONG group were very weak 
negative asymmetries during LISNSENT-WORD re-
gardless of the considered set of ROIs (see Figure 3).

There was a main effect of “dissociation” on the 
task-induced strength of asymmetry restricting the 
analysis to the ATYP and TYP_MILD groups, where 
DISSOCIATED had lower asymmetry strength than 
CONGRUENT in both SENT_CORE and SENT_
HUBS (both p < 0.013), without any interaction with 
”task” or ”language organization” (all p > 0.20).

Dissociation and resting-state organization
Considering the TYP individuals as a single group be-
cause they did not show any difference in Rs_DC (i.e., the 
TYP_MILD and TYP_STRONG groups were merged), 
there was a significant “language organization” by “disso-
ciation” interaction on the mean Rs_DC value (p = 0.049) 
due, in particular, to significantly higher mean Rs_DC in 
the CROSSED_ATYP individuals than in the CROSSED 
and CONGRUENT TYP individuals (p <0.0027, for 
all post hoc tests corrected for multiple comparisons).

The CONGRUENT_ATYP individuals did not differ 
from the CROSSED or CONGRUENT TYP individuals
(all p > 0.15), and there was no difference between 
the CROSSED_TYP and CONGRUENT_TYP indi-
viduals (p = 0.92). Note that there was no “disso-
ciation” main effect (all p > 0.18) and no “language 
organization” by “dissociation” by “side” interaction 
(p interaction = 0.60).

In contrast, there was a significant “language 
organization” by “dissociation” interaction on Rs_mI-
HHC (p = 0.02, see Figure 4) due, in particular, to 
significantly higher Rs_mIHHC in the CROSSED_
ATYP individuals than in the CROSSED_TYP indi-
viduals (merging TYP_MILD and TYP_STRONG) 
that were not different in Rs_mIHHC whether 
CROSSED or CONGRUENT (p < 0.016 for all, post 
hoc tests corrected for multiple comparisons). The 
CONGRUENT_ATYP individuals did not differ from 
the CROSSED or CONGRUENT TYP individuals
(both p > 0.43), nor did the CROSSED_TYP and 
CONGRUENT_TYP individuals differ (p = 0.91).

Hemispheric anatomical asymmetries and corpus 
callosum volume
The tissue compartment values for the four groups 
(TYP or ATYP by CROSSED or CONGRUENT) 
are provided in Table 3. Repeated measures MAN-
COVA of the GMasym and WMasym residuals (af-
ter adjusting these variables for sex, handedness, 
age, and total intracranial volume) showed a signi-
ficant main effect of “language organization” (p = 
0.02). Post hoc t-tests showed that both GMasym 
and WMasym were smaller in the ATYP group than 
in the TYP group (p = 0.03). There was no effect 
of “dissociation” (p = 0.99) and no significant “lan-
guage organization” by “dissociation” interaction (p 
= 0.36). There was no interaction between “tissue 
compartment” (gray or white matter) and “language 
organization” (p = 0.92) or between “tissue com-
partment” and “dissociation” (p = 0.26), and there 
was no “tissue compartment” by “language organiza-
tion” by “dissociation” triple interaction (p = 0.15).

ANOVA of the CCvol residuals (after adjustment 
for the same covariates as for GMasym and WMasym) 
showed a significant “language organization” by “dis-
sociation” interaction (p = 0.049). Post hoc analyses 
showed that the CROSSED_ATYP individuals had a 
larger CCvol volume than the CROSSED_TYP indi-
viduals (uncorrected post hoc t-test: p = 0.037, HSD 
correction: p = 0.16; see Table 1).

Cognitive abilities

Results of principal component analysis (PCA) of 
the 11 scores on the verbal and visuospatial tests
The average scores for the 11 completed 
tests are presented for each group in Table 
4. PCA applied to the residuals of the scores
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Figure 3.  Participants showing dissociations between their three task-related functional asymmetries in each of the 3 
groups classified by language organization. Individual values of left minus right blood oxygen level-dependent (BOLD) 
asymmetries measured during PRODSENT-WORD (red), LISNSENT-WORD (green) and READSENT-WORD (blue) in SENT_CORE 
regions (top) and in SENT_HUBS (bottom). The red dotted line corresponds to the arbitrary threshold of 0.05 in asym-
metry strength that was applied to define a rightward asymmetry.
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(after adjustment for age, sex, cultural level and 
handedness) uncovered 4 components that explained 
49% of the total variance. The first component, 
which we will refer to as spatial (SPA), aggregated 
residuals of the mental rotation test, the Corsi block 
test, the maze test, and the Raven matrices (loadings: 
0.62, 0.39, 0.60, and 0.68, respectively). The second 
component, labeled phonological (PHONO), mainly 
included the pseudoword and rhyming test residuals 
(loadings: 0.48 and 0.72, respectively) and, margi-
nally, the vocabulary test (loading: 0.36). The third 
component was mostly an auditory verbal memory 
component (MEM), including the auditory verbal word 
and pseudoword learning test residuals (loadings: 0.77 
and 0.49, respectively). The fourth component was a 
verbal component (VERB) including all the verbal test 
residuals except those of the two learning tests, with 
the strongest loading being for the verb fluency test 
(0.64) and comparable loadings for each of the others 
(reading span test: 0.34, listening span test: 0.31, and 
vocabulary test: 0.31).

Cognitive skills and language organization
Repeated measures MANOVA of the four PCA com-
ponents (SPA, MEM, PHONO and VERB) revealed a 
significant “language organization” by “cognitive com-
ponent” interaction (p = 0.0003; Figure 5), while the 
“language organization” main effect was not signifi-
cant (p = 0.21).

Post hoc analyses showed that the “language or-
ganization” by “cognitive component” interaction was 
due to the difference in variation in SPA and MEM. 
The SPA scores were significantly higher in the TYP_
STRONG group than in the two other groups, but the 
scores were not significantly different between the 
latter (TYP_STRONG: 0.29 ± 0.15; TYP_MILD: 
-0.19 ± 0.14; ATYP: -0.41 ± 0.29; uncorrected p 
< 0.0063; TYP_MILD versus ATYP, p = 0.39). 
Meanwhile, the MEM scores were significantly lower

Figure 4.  Interhemispheric intrinsic connectivity stren-
gth across homotopic regions (Rs_mIHHC) in SENT_
CORE in the CONGRUENT and CROSSED TYP and 
ATYP groups. The estimated mean interhemispheric homo-
topic correlation expressed as the Fisher z-transformation 
of Rs_mIHHC is higher in the CROSSED atypicals group 
(N =  12) than in the TYP group (merging TYP_MILD 
and TYP_STRONG, N CROSSED = 11, N CONGRUENT 
= 246), regarding of whether they are CONGRUENT or 
CROSSED (both p < 0.016, Tukey’s HSD test).

Table 3.   Grey and white matter hemispheric volumes and their left minus right asymmetry (mean and (SD), in cc) as 
well as midsagittal corpus callosum volume (mean and (SD), in cc), in subgroups of individuals according to their multi-
task multimodal hierarchical classification classification and the absence/presence of dissociated task-related functional 
asymmetries. TYP: participants classified with multitask multimodal hierarchical classification as either TYP_STRONG 
or TYP_MILD, i.e. showing typical left functional lateralization; ATYP: participants classified with multitask multimodal 
hierarchical classification as ATYPICAL, i.e. showing atypical right functional lateralization. CROSSED: participants 
with at least one dissociation of functional lateralization among the 3 language tasks; CONGRUENT: participants with no 
dissociation.
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in the ATYP group than in the two other groups 
(ATYP: -0.57 ± 0.23; TYP_MILD: 0.19 ± 0.11; 
TYP_STRONG: 0.05 ± 0.11; p < 0.043). In addi-
tion, there was no effect of the “language organization” 
on the other two verbal components, namely, VERB 
and PHONO (p > 0.18 and p > 0.13, respectively).

Finally, there was no relationship between 
dissociations and cognitive performance in either

Table 4.  Mean (SD, in cc) of scores 
at the different tests of the cognitive 
battery in the 3 groups differing  in 
their language organization as de-
fined by a multitask multimodal hie-
rarchical classification. 

Figure 5.  Estimated loadings of the four main principal 
components of cognitive abilities in the 3 groups having 
different language lateralization. The color code for the 
components is as follows: SPA: blue, MEM: red, PHONO: 
light orange, and VERB: green. Error bars represent 95% 
confidence intervals.

the ATYP or TYP_MILD individuals (p = 0.17).

Comparison of different classifications for 
language lateralization
We compared the outcome of the present multitask 
multimodal hierarchical classification applied to the 
sample of 287 participants to those previously ob-
tained with two different classifications based on the 
PRODSENT-WORD contrast only; these classifica-
tions included 1) a Gaussian mixture modeling of the 
HFLI observed for this contrast (Mazoyer et al., 2014) 
and 2) support vector machine classification of each he-
misphere dominance based on the pattern of its voxels 
in the PRODSENT-WORD contrast maps (Zago et 
al., 2017). The outcomes of the multitask multimodal 
hierarchical classification, Gaussian mixture modeling, 
and support vector machine classifications applied to 
the same sample of 287 participants are presented in 
Figure 6.

Multitask multimodal hierarchical classification ver-
sus Gaussian mixture modeling
There was a high concordance of classification of typi-
cals with the two methods (98% of Gaussian mixture 
modeling typicals were classified as TYP_MILD or 
TYP_STRONG).

Gaussian mixture modeling identified 10 
rightward lateralized left-handers (strong atypicals; 
GMM-SA in Figure 6), among whom 9 completed the 
resting-state acquisition and were thus included in the 
present study. These 9 individuals were all cluste-
red in the atypical group as defined by the multitask 
multimodal hierarchical classification. We also found 
that 15 other individuals in the multitask multimodal 
hierarchical classification atypical group actually be-
longed to the ambilateral group identified by Gaussian 
mixture modeling (GMM-AMB in Figure 6) according 
to their weak PRODSENT-WORD HFLI. The remaining 6 
individuals in the MMHC-ATYP group were classified 
by Gaussian mixture modeling as typicals (GMM-TYP 
in Figure 6) because of their leftward HFLI during
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Figure 6.  Alluvial plots comparing the present Multitask Multimodal Hierarchical classification (MMHC) with two pre-
vious classifications only based on the functional asymmetry during production of sentences minus word-list in the same 
sample of participants: Gaussian Mixture Modeling (GMM) classification on hemispheric functional lateralization index 
(HFLI, Mazoyer et al., 2014) and Support Vector Machine (SVM, Zago et al., 2017) classification in the right (SVM-R) 
and left hemisphere (SVM-L). Each line corresponds to a participant with the following color code: red for MMHC-atypical 
(ATYP), blue for MMHC-TYP_MILD, and green for MMHC-TYP_STRONG. The Gaussian mixture modeling method 
identified each individual as either strong_atypical (SA), ambilateral (AMB), or typical (TYP). SVM identified the voxel-
based pattern of each hemisphere of an individual as either dominant (DOM) or nondominant (NON DOM).
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 PRODSENT-WORD.
The multitask multimodal hierarchical classifi-

cation did not individualize any cluster resembling 
the group of 37 ambilaterals as defined by Gaussian 
mixture modeling in the Mazoyer et al. (2014) study. 
Rather, aside from the 15 aforementioned ambilaterals 
clustered in the ATYP group in the present study, the 
22 other ambilaterals as defined by Gaussian mixture 
modeling were here classified either as TYP_MILD 
(N=16) or TYP_STRONG (N=6).

Note that whereas all GMM-SA were left-han-
ders, 5 among the 135 right-handers (3.7%) were 
classified as ATYP with MMHC: 2 among these were 
dissociated with leftward lateralization during lan-
guage production in SENT_CORE and the SENT_
HUBS, leaving only 3 right-handers with atypical 
organization in the 3 tasks (2%). These 3 right-han-
ders were not classified as strong-atypical by Gaussian 
mixture modeling but rather as ambilaterals because 
their HFLI for PRODSENT-WORD, albeit negative, was 
above the threshold (-50) used for segregating strong 
atypicals from ambilaterals.

Multitask multimodal hierarchical classification ver-
sus support vector machine
Seventeen of the 30 atypicals individuals as defined by 
multitask multimodal hierarchical classification (57%) 
had a right hemisphere labeled dominant by support 
vector machine. Conversely, the MMHC-ATYP clus-
ter aggregated 77% of the 22 participants labeled as 
having a dominant right hemisphere. One should also 
note that 41% (7 among 17) of these right-hemisphere 
dominant ATYP individuals also had a left dominant 
hemisphere (i.e., were codominant), whereas the 
ATYP cluster aggregated 77% of the 12 participants 
labeled as having a codominant hemisphere. Notably, 
the 8 ambilaterals as defined by Gaussian mixture 
modeling left-handers classified as having a dominant 
right hemisphere patternwere classified as ATYP by 
multitask multimodal hierarchical classification (Zago 
et al., 2017).

Summary of the results

In a sample of 287 healthy adults that included over 
50% left-handers, a hierarchical classification based 
both on language task-induced asymmetries and on 
resting-state organization within the SENT_CORE 
network identified three clusters of individuals with 
different intra- and interhemispheric organization for 
sentence processing.

Two clusters of similar sizes aggregated 257 
(90% of the sample) leftward lateralized indivi-
duals. The 132 TYP_STRONG individuals (of which 
46.4% were left-handers) were highly leftward late-
ralized for both task-induced asymmetry and intrahe-
mispheric intrinsic connectivity, while showing low 

interhemispheric connectivity. This pattern of lan-
guage organization was associated with strong lef-
tward asymmetry of gray and white matter hemisphe-
ric volumes and with high visuospatial performance. 
The 125 TYP_MILD individuals (including 50.7% 
left-handers) differed from the TYP_STRONG indi-
viduals by their moderate leftward task-induced asym-
metries, lower left hemisphere degree of connectivity 
and larger interhemispheric homotopic connectivity. 
The moderate leftward language organization in the 
TYP_MILD individuals was more frequent in wo-
men and was associated with a larger occurrence of 
dissociations than in the TYP_STRONG individuals 
(7% compared to 1.6%). Visuospatial cognitive abili-
ties were lower in the TYP_MILD group than in the 
TYP_STRONG group.

The third (ATYP) cluster of 30 individuals in-
cluded the highest proportion of left-handers (83%). 
Mean asymmetry in the ATYP group was rightward 
lateralized during the 3 language tasks, with a striking 
lack of differences in asymmetry strengths across 
tasks, in contrast to the two groups of typicals. Orga-
nization at rest in the ATYP group was marked by bi-
lateral high intrahemispheric connectivity and strong 
interhemispheric connectivity. Such a low hemispheric 
specialization pattern was associated with a high oc-
currence of dissociations among the functional asym-
metries in the 3 language tasks (40%), lower leftward 
asymmetries of gray and white matter hemispheric vo-
lumes, and when dissociated, larger corpus callosum 
volumes. Finally, the ATYP cluster showed lower ver-
bal memory abilities than the two other clusters. 

Comparison of the present classification to pre-
vious classifications based only on PRODSENT-WORD 
revealed the importance of the multitask approach 
conjointly with resting-state measures of Rs_DC in 
the language network to segregate the atypicals within 
the individuals with low PRODSENT-WORD hemispheric 
asymmetries.

Discussion

A multimodal multitask classification provi-
des an enhanced definition of atypical language 
organization
Compared to the high consistency of the classi-
fication of individuals having typical language 
organization, the definition of atypicality for 
language lateralization based on neuroimaging in-
vestigations is complex, and the type of brain orga-
nization supporting language functions in atypical 
individuals is still not comprehensively understood.

All individuals having a rightward hemisphe-
ric lateralization of language production as measured 
with Gaussian mixture modeling were classified into 
the ATYP group in the present study, suggesting that 
having a rightward lateralization for production is a
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The fact that 80% of the ATYP individuals 
were left-handed is consistent with previous research 
showing that reverse lateralization is mainly seen in 
left-handers, whether in adults (Króliczak, Piper, 
& Frey, 2016; Somers et al., 2015) or in children 
(Szaflarski et al., 2011). Here, a right shift in hemis-
phere dominance for language was found in 12% of 
left-handers (when taking into account the different 
language components, as done in the present study), 
compared to only 6% when considering their HFLI 
for production only (Mazoyer et al., 2014). The diffe-
rence between these two proportions provides an es-
timate of the decreased sensitivity when detection of 
atypicals among left-handers is performed using a 
production task only rather than a multitask multimo-
dal approach as we implemented in the present stu-
dy. The present multimodal classification identified 5 
right-handed ATYP individuals (3.6%, compared to 
16.7% of left-handers), a phenomenon as rare as the 
published case reports of crossed aphasia in right-han-
ders (Alexander & Annett, 1996; Hindson, 1984) 
raising the question of whether this is a pathological 
state rather than part of interindividual variability 
of language organization (Coppens, Hungerford, Ya-
maguchi, & Yamadori, 2002). Among these 5 right-
handed ATYP individuals, 3 had been previously clas-
sified as ambilaterals and 2 as typicals by Gaussian 
mixture modeling of the PRODSENT-WORD HFLI, with 
the latter 2 individuals having negative asymmetries 
during LISNSENT-WORD and READSENT-WORD. It is noti-
ceable that these 5 right-handers had lower task-in-
duced asymmetry strength than the 25 left-handed 
ATYP individuals, independent of the task, leaving 
open the question of whether right- and left-handed 
ATYP individuals are actually comparable.

Finally, the present classification sheds some light 
on the brain organization for language in individuals as 
defined by the support vector machine approach (Zago 
et al., 2017). Actually, the ATYP cluster aggregated 
77% of the 22 participants labeled as having a right 
dominant hemisphere by support vector machine. This 
is very consistent with the high Rs_DC found for the 
right SENT_CORE network of the ATYP individuals. 
One should also note that 41% (7 among 17) of these 
right-hemisphere dominant ATYP individuals also had 
a dominant left hemisphere (i.e. were codominant), 
whereas the ATYP cluster aggregated 77% of the 12 
participants labeled as having a codominant hemis-
phere. This strong association between atypicality and 
codominance is also consistent with the finding that 
ATYP individuals were characterized by high bilateral 
connectivity of their SENT_CORE network, which is 
likely to reduce the bias towards the dominance of a 
given hemisphere and attest to a more bilateral organi-
zation for language. 

clear criterion of atypicality, as already validated by 
Wada studies (Dym et al., 2011). However, the pre-
sent classification did not individualize a cluster resem-
bling the group of 37 ambilaterals identified in Mazoyer 
et al. (2014), which indicated that not being clearly 
lateralized by production was not sufficient to ascer-
tain atypicality. The difficulty in asserting language 
dominance in individuals with little fMRI lateraliza-
tion during production is consistent with Bauer et al.’s 
meta-analysis showing that fMRI is more accurate in 
assessing language dominance in cases of strong lef-
tward asymmetry (Bauer, Reitsma, Houweling, Fer-
rier, & Ramsey, 2013). However, the Bauer study in-
volved patients suffering from epilepsy and thus likely 
to have language network reorganization.

To identify the discriminative variables that split 
the 37 ambilaterals into the 3 “language organization” 
groups, we conducted an additional analysis entering 
the 9 variables we used for the multitask multimodal 
hierarchical classification as repeated measures, and 
we found in the 37 individuals classified ambilaterals 
in Mazoyer et al. (2014) a very significant “language 
organization” main effect and interaction with the re-
peated measures (both p < 0.0001). Post hoc ana-
lyses revealed that among these 37 ambilaterals, the 
12 individuals classified as ATYP had significantly 
lower task-induced asymmetry in SENT_HUBS and 
SENT_CORE (all p < 0.001) and a significantly 
lower Rs_DC asymmetry (p = 0.002) than those clas-
sified as TYP_MILD or TYP_STRONG. In contrast, 
there was no difference in averaged Rs_DC or Rs_mI-
HHC values. These findings thus confirmed that, in 
order to comprehensively describe the dominance for 
language in individuals having low HFLI during lan-
guage production, it is useful to apply a multitask bat-
tery as has been proposed by some authors (Baciu et 
al., 2005; Niskanen et al., 2012), which particularly 
allows the detection of individuals with dissociations 
as demonstrated by Baciu et al. (Baciu et al., 2003). 
Importantly, the present study also demonstrated that 
resting-state connectivity variables, measured at the 
language network level, particularly Rs_DC asymme-
try, in association with task-induced asymmetry, are 
of interest for the identification of atypical individuals.

In left-handers, a weak functional asymmetry du-
ring language production makes atypical organization 
with rightward asymmetry for other language compo-
nents highly probable (80%), whereas the same weak 
functional asymmetry in right-handed individuals is 
associated with a typical leftward lateralization in most 
cases (86%). Such observations are consistent with the 
classification by support vector machine showing that 
all ambilateral right-handers had a left hemisphere 
with a dominant pattern (Zago et al., 2017), whereas 
the 8 left-handed ambilaterals as classified with Gaus-
sian mixture modeling and who had a dominant right 
hemisphere pattern with support vector machine, were 
classified into the ATYP group by the present method. 
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Figure 7.  Summary figure illustrating the different SENT_CORE intra- and inter-hemispheric organizations obser-
ved in the 3 groups identified by hierarchical clustering. The left column shows the group mean activation maps during 
PRODSENT-WORD (BOLD activation amplitude is given by  color scale) of the left hemisphere and the right column the mean 
activation map of the right hemisphere superimposed on the white matter surface rendering of the BIL&GIN template 
obtained with the Surf Ice software (https://www.nitrc.org/projects/surfice/). The second, third and fourth columns 
show the left lateral, superior and right lateral views of the SENT_CORE intrinsic connectivity network, each region of the 
network being represented by a sphere located at the mass center of its MNI coordinates. For each SENT_CORE region, 
a colored sphere indicate the group average region degree centrality of intrinsic connectivity (the Rs_DC value is given by 
color scale, and sphere size is proportional to value), whereas a colored line  indicates the strength of the Pearson intrin-
sic  correlation coefficient between two SENT_CORE regions (the Rs_r value is given by color scale, and line thickness is 
proportional to value).

showed high and symmetrical Rs_DC values, meaning 
that the SENT_CORE network was highly connected 
in both hemispheres, and it is remarkable that their left 
hemisphere Rs_DC value was not different from that 
of the TYP_STRONG individuals, whereas their right 
hemisphere Rs_DC value was higher than that of the 
TYP_STRONG individuals (Figure 7).

The ATYP individuals thus had a significantly 
larger mean Rs_DC value of SENT_CORE in 
both hemispheres, making them highly connected 
individuals and suggesting that their left hemisphere 
could be organized in a way similar to that of the TYP 
individuals, i.e., as a potentially dominant hemisphere 
for language. In addition, the ATYP individuals 
showed the highest interhemispheric connectivity 
across SENT_CORE homotopic areas, constituting a 
highly efficient network for sentence processing that 
straddled the 2 hemispheres. The fact that even in 
individuals shifting their task-induced lateralization to 
the right, the left hemisphere is wired for high-order

Organization of intrinsic connectivity in atypi-
cal individuals: although they show rightward 
task-induced asymmetries, their left hemisphere 
is also wired for language
In a previous study, we noted that the 10 left-handers 
with strong rightward HFLI exhibited a pattern of 
regional asymmetries that was the reverse of the pattern 
observed in typical individuals (Tzourio-Mazoyer et 
al., 2016), a result in line with cortical stimulation 
findings suggesting that individuals shifting their 
dominant hemisphere actually have a reverse regional 
organization (Chang, Wang, Perry, Barbaro, & Berger, 
2011; Drane et al., 2012). The present study results, 
although consistent with this view in terms of task-
induced asymmetries, demonstrated that, by contrast, 
the SENT_CORE network intrinsic connectivity 
properties of ATYP individuals did not mirror those of 
individuals with leftward task-induced asymmetries. 
Although the mean of the group was strongly rightward 
asymmetrical in the 3 tasks, the ATYP individuals
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Two types of leftward organization for language, 
with an overrepresentation of women but not of 
left-handers in mildly lateralized typical indivi-
duals
The present segregation of leftward lateralized indi-
viduals in the two groups is consistent with the two 
Gaussian components of the PRODSENT-WORD HFLI 
distribution in typical individuals observed in our pre-
vious work (Mazoyer et al., 2014). However, these 
two Gaussian components showed too much overlap to 
allow a clear separation of the two groups of typical 
individuals. One original observation of the present 
study is thus the evidence of differences in terms of 
functional connectivity between two groups of typical 
individuals. 

Although leftward lateralized and showing the 
same gradient of asymmetry across the 3 tasks, the 
TYP_MILD individuals exhibited significant particu-
larities in their inter- and intrahemispheric—although 
typical—intrinsic connectivity organization with lower 
asymmetries of task-induced activations but also lower 
Rs_DC and higher Rs_mIHHC within SENT_CORE. 
In other words, their decreased strength in task-in-
duced functional asymmetries was associated with an 
intra- versus interhemispheric intrinsic connectivity 
pattern showing less differentiation across hemis-
pheres together with increased connection between 
them. Such a pattern of looser hemispheric specializa-
tion for language in the TYP_MILD group is consistent 
with a higher occurrence of dissociations than in the 
TYP_STRONG group, although those dissociations 
were of moderate intensity and mainly observed for 
the reading task.

The proportion of women was larger in the TYP_
MILD cluster (58%) than in either of the two other 
clusters (38% in the TYP_STRONG and 50% in the 
ATYP clusters), as well as in the whole sample (49%), 
consistent with previous reports of reduced language 
lateralization in women (Levy & Reid, 1978; McGlone 
& Davidson, 1973). Interestingly, gender differences 
in cluster constitution in the present work were pre-
sent only in the two groups of typicals but not in the 
ATYP group.

Such a subtle association between sex and lan-
guage lateralization may explain the inconsistency 
in the reports of a sex effect in hemispheric specia-
lization for language (Sommer, Aleman, Bouma, & 
Kahn, 2004) since, in contrast to handedness, it is 
not associated with the occurrence of critical changes 
in language lateralization. Actually, the proportion 
of left-handers was not increased in the TYP_MILD 
group (compared to the TYP_STRONG group), 
confirming that the relationship between handedness 
and language lateralization is better grounded in the 
large occurrence of left-handers among rightward la-
teralized individuals rather than by a decreased late-
ralization for language in left-handers (Mazoyer et al., 
2014).

language processing leads to the hypothesis that the 
left hemisphere is the language hemisphere by default.

A trace of how ATYP individuals overcome the 
left hemisphere default-mode organization for language 
can be found in the loss of congruence in the sentence 
network at rest and during sentence processing. In 
right-handers, we observed a positive correlation across 
individuals between asymmetries of activations and 
Rs_DC (Labache et al., 2019), while the ATYP group 
showed an absence of mean Rs_DC asymmetry but mean 
rightward task-induced symmetries. Notably, both the 
CROSSED and CONGRUENT ATYP individuals had 
a left hemisphere Rs_DC as strong as that in the TYP_
STRONG individuals, meaning that their left SENT_
CORE network connectivity was not different from that 
of strong leftward lateralized individuals (Figure 7) 
supporting the hypothesis that ATYP left hemisphere 
is wired for language as it is for typical individuals.  
Actually, ATYP differed from typicals in their right 
hemisphere organization at rest  that exhibited a high 
strength of intrinsic connectivity, in agreement with 
their task-induced rightward activations (Figure 7). 

The pattern of ATYP individual network intrinsic 
organization is thus a networking of both hemispheres 
profiled for the processing of high-order language, 
combined with strong anatomical and functional 
underpinning of interhemispheric interactions as 
evidenced by higher correlations across homotopic 
regions of SENT_CORE and larger corpus callosum in 
the DISSOCIATED_ATYP individuals.

The ATYP group also showed a more bilateral 
anatomical organization with decreased leftward gray 
and white matter hemispheric asymmetries likely to re-
sult in more flexibility in the side hosting the different 
language tasks and therefore allowing dissociations. In 
fact, the ATYP group hosted the largest proportion of 
participants showing dissociations and thus relying on 
one or the other hemisphere as the dominant hemis-
phere depending on the language component, which 
may be related to their stronger interhemispheric 
connectivity. Such a hypothesis was partly confirmed 
by the comparison of individuals with dissociations 
in the 3 groups that demonstrated that CROSSED 
ATYP individuals had significantly higher interhemis-
pheric connectivity and more variation in the strength 
of asymmetries when DISSOCIATED than the two 
other groups. 

These strong between-task differences in 
asymmetry strengths reflect an important shift 
in hemispheric control, which were particularly 
seen between PRODSENT-WORD and the two other 
tasks underpinned by the strong interhemispheric 
connectivity allowing for cooperation across the 
bilaterally located task-dependent dominant language 
networks.
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Dissociations of lateralization across language 
components are of a different natures in typical 
and atypical individuals with a particular status 
for the lateralization of reading
Dissociations were detected with higher sensiti-
vity when considering the SENT_HUBS hROIs 
rather than the whole set of SENT_CORE area 
ROIs. This is the reason why we considered a par-
ticipant dissociated if they had opposed asymme-
try across tasks on either one or both variables.
The low incidence of dissociations that we observed 
in the TYP individuals and, in particular, in the TYP 
right-handers (4%) was consistent with the litera-
ture that reports rare cases of dissociations of pro-
duction and comprehension in healthy right-handed 
participants (Jansen et al., 2006; Tzourio-Mazoyer 
et al., 2004). A point of interest was the occurrence 
of dissociation between the lateralization for reading 
and the lateralization for production and listening, 
which, to our knowledge, has not yet been reported. 
In leftward lateralized typical individuals, dissocia-
tions were mainly observed in the TYP_MILD in-
dividuals for whom, as in the TYP_STRONG in-
dividuals, reading was on average more lateralized 
than listening (although less than production).

Dissociations in this TYP_MILD cluster more of-
ten involved reading (5 out of 9 in SENT_HUBS; see 
Figure 3). Such a larger occurrence of dissociations 
involving reading may be related to the late acquisi-
tion of this language function. Indeed, the first phase 
of language development is perceptual, as revealed by 
studies showing that the auditory system of the fetus 
at 30 weeks’ gestation is mature enough to detect com-
plex sounds (McMahon et al., 2012) and to differen-
tiate phonemes (Hepper & Shahidullah 1994). After 
only a few hours of postnatal exposure, newborns res-
pond specifically to speech (Dehaene-Lambertz et al., 
2002). Then, because of maturation of the vocal tract, 
the second phase is production (Mowrer, 1980). From 
the second half of the first year of life, the child enters 
the babbling phase proper and begins to make choices 
specific to the structures of his or her mother tongue 
at the prosodic, phonetic and syllabic levels (Oller, 
1980). These first steps towards articulation are an 
essential step that reflects the existence of a functional 
link between the processes of perception and the pro-
duction of vocal sounds and gives the child the oppor-
tunity to receive proprioperceptive feedback (Rodgon, 
1976).

While speech perception and production tightly 
codevelop very early in the establishment of language, 
reading is based on both the ability to hear and seg-
ment words into phonemes and then to associate these 
phonemes with graphemes, with the mapping of or-
thographic to phonological representations during 
reading being intrinsically cross-modal (McNorgan 
et al., 2014). In fact, reading develops in interac-
tion with object recognition in the left fusiform gyrus

(Kassuba et al., 2011) and rightward lateralized vi-
suospatial and visuomotor processes such as the sac-
cadic system supporting eye movement during reading 
(Petit et al., 2009). More particularly, during reading, 
eye movements are not only an oculomotor ability but 
also the integration of visual and language processes 
at the word level and at the syntactic level (Yagle et 
al., 2017). In fact, reading depends on an alternation 
of fixations and saccades, the latter being defined as 
forward progressions or backward regressions. Even if 
forward progressions are the most common eye move-
ments, backward regressions have been revealed to be 
correlated with the syntactic complexity of sentences, 
suggesting that these eye regressions depend on the 
relationships that the words making up the statement 
have to each other (Lopopolo et al., 2019). Thus, rea-
ding ability involves both visuospatial and language 
processes. Such a late specialization could lead to the 
possibility that different factors could intervene in the 
establishing of reading lateralization, with these fac-
tors being different from those acting during the first 
stages of language development.

The picture was very different for ATYP indivi-
duals, whose predominant dissociation pattern was a 
leftward lateralization for production and a rightward 
lateralization for both reading and listening (Figure 
3, left). Considering the developmental timing of lan-
guage components mentioned above, this could be an 
indication that ATYP lateralization for language per-
ception and production is established early in different 
hemispheres. The second observation is that in the 
ATYP individuals, the lateralization of heteromodal 
areas during reading follows that of auditory sentence 
comprehension, demonstrating the prevalence of sen-
sory integration over action in these individuals, which 
is different from the lateralization organization in the 
TYP_MILD individuals. The fact that reading late-
ralization has different relationships with production 
and listening according to the sentence lateralization 
organization can provide new insight into the varia-
bility in the establishing of reading dominance and, 
potentially, a possible relationship between atypicality 
and dyslexia, since there is still a great debate between 
lateralization and reading impairments (Wilson & Bi-
shop, 2018). Assessing the type of dissociations would 
be of great interest for shedding new light on language 
impairments.

The more frequent rightward lateralization du-
ring LISN than during PROD in the ATYP left-han-
ders was consistent with the observation of Hécaen 
of a high occurrence of production deficits after left 
hemisphere lesions in left-handers, while comprehen-
sion deficits were rare (Hécaen et al., 1981). Such a 
dissociation corresponds to that of action versus per-
ception as defined by Fuster (2009), with sentence 
reading and listening being colateralized. It is re-
markable that, when compared to both typical groups, 
the ATYP group showed a decrease in (absolute value) 
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asymmetry strength that was larger for production 
than for the other tasks, leading to an absence of a 
difference between the asymmetries in production, 
listening, and reading. Such a diminished asymme-
try during production is striking because of the link 
existing between hand preference and language pro-
duction, with both functions being on the action side 
and being localized in close frontal areas. One should 
have expected left-handers to have stronger rightward 
asymmetry during language production than during 
the other tasks in relation to their left-hand domi-
nance. This was not the case, even when considering 
only the CONGRUENT_ATYP individuals. 

However, handedness was associated with a 
stronger mean rightward asymmetry in the left-handed 
ATYP individuals and stronger leftward asymmetry 
in the right-handed TYP_STRONG individuals, in-
dependent of the task, as if the hemisphere control-
ling the dominant hand is a slight attractor for lan-
guage lateralization. This modest effect of handedness 
is consistent with the observation that patients who 
had suffered from right plexus brachial injury at birth, 
therefore disabled in the use of their right hand, pre-
sent a shifting of their language production asymme-
tries towards the right hemisphere, although without 
a complete shift (Auer et al., 2009).

Are different language organizations associated 
with differences in cognitive abilities?
Better visuospatial performance was present in the 
TYP_STRONG individuals, who had the largest 
between-hemisphere differences and lower interhemis-
pheric connectivity. Such a result suggests that the 
better spatial abilities reported in right-handers in a 
meta-analysis (Somers, Shields, Boks, Kahn, & Som-
mer, 2015) might have been related to the fact that 
the TYP_STRONG group hosted the highest propor-
tion of right-handers. The present results suggest that 
strong leftward lateralization of both language task-in-
duced and resting-state connectivity asymmetries in 
the core language network is associated with better 
visuospatial performance, as if less involvement of the 
right hemisphere in sentence processing was facilita-
ting visuospatial processing. Such an observation can 
be viewed as an argument in favor of the “crowding 
effect” theory stating that an optimal split of functions 
across the two hemispheres facilitates cognitive func-
tioning (review in Vingerhoets, 2019). Of course, fur-
ther exploration of the relationships between the diffe-
rent aspects of visuospatial cognitive abilities and the 
strength of both leftward lateralization for language 
and rightward lateralization for visuospatial functions, 
as well as their interindividual variability, is needed to 
confirm this hypothesis.

Decreased verbal memory abilities in the ATYP 
group suggest that the reorganization occurring on top 
of the language organization by default in this group is 
at the cost of suboptimal cognitive functioning, while

mild, although leftward, lateralization for language 
appears to be as efficient for language processing as 
strong leftward lateralization. Considering that the 
ATYP group included 15 of the ambilateral individuals 
defined in Mazoyer et al. (2014), the present observa-
tion is consistent with those of Mellet et al reporting 
lower performance in ambilaterals (Mellet et al., 2014) 
concerning both verbal memory and visuospatial abili-
ties.

Conclusions

The joint investigation of language task-induced 
asymmetries and intrinsic connectivity strength in the 
sentence-processing supramodal network, showed that 
individuals with atypical rightward language laterali-
zation do not rely on an organization that simply mir-
rors that of typical leftward lateralized individuals but 
rather is associated with a loose hemispheric speciali-
zation for language.

The fact that these individuals had lower leftward 
gross macroscopical hemispheric anatomy than typical 
individuals suggests that such organization was sup-
ported, at least in part, by early developmental events 
resulting from a different trajectory or from the occur-
rence of plastic changes. Support for the hypothesis of 
the early establishment of this atypical organization 
comes from the coinvestigation of the lateralization of 
production and comprehension with reading. In aty-
picals, dissociations were observed between sentence 
production and comprehension (whether read or liste-
ned to), two functions known to be tightly coupled and 
early developing. By contrast, the rare dissociations 
found in typicals occurred for reading, a later acquired 
competence. Moreover, atypical organization occurring 
mainly in left-handers has a cost in terms of language 
abilities with less efficient verbal memory. 

Finally, the present results argue for multitask 
measures of language lateralization for evaluating he-
mispheric specialization for language in individuals 
with low lateralization for language production, espe-
cially if they are left-handed.
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Materials and methods

Participants
The study sample was part of the BIL&GIN database 
that has been fully described elsewhere (Mazoyer et al., 
2016). Briefly, 287 healthy participants of the BIL&-
GIN (150 left-handed, 140 women, 72 left-handed 
women) who completed the fMRI battery, including 
several language tasks and a resting-state acquisi-
tion, were included in the present work. The sample 
mean age was 25.8 years (SD = 6.5 years). The mean 
educational level of the participants was 15.6 years 
corresponding to almost 5 years education after the 
French baccalaureate (SD = 2.3 years).

For each participant, we recorded self-reported 
handedness and manual preference (MP) strength as-
sessed with the Edinburgh inventory (Oldfield, 1971). 
Left-handed participants had an Edinburgh score of 
-63.2 (SD = 39.9).

Participants’ cognitive evaluation
Participants’ verbal abilities were evaluated with the 
following battery of seven tests: 1) a supraspan re-
call test of an 18-word list (Van der Elst, van Box-
tel, van Breukelen, & Jolles, 2005) for verbal memory 
evaluation; 2) a supraspan recall test of a list of 15 
pseudo-words for verbal memory evaluation with mi-
nimal semantic associations; 3) a verb generation test 
for semantic verbal fluency exploration; 4) a synonym 
finding test for estimating vocabulary extent (Binois 
& Pichot, 1956); 5) a listening span test based on 
spoken sentences; 6) a reading span test based on read 
sentences for verbal working memory assessment (Da-
neman & Carpenter, 1980; Desmette, Hupet, Schels-
traete, & Van der Linden, 1995) and 7) a rhyming 
test on 80 visually presented pairs of pseudo-words for 
evaluation of graphophonemic conversion ability.

Visuospatial abilities were assessed with the fol-
lowing four tests: 1) The Mental Rotation Test (MRT), 
which estimates the ability to rotate and spatially ma-
nipulate mental images (Vandenberg & Kuse, 1978); 
2) the Corsi Block test, which evaluates visuospatial 
short-term memory abilities (Della Sala, Gray, Badde-
ley, Allamano, & Wilson, 1999); 3) a home-made 3D 
maze test for evaluating topographic orientation skills; 
and 4) the Raven matrix for assessing non-verbal rea-
soning.

Language tasks completed during fMRI
The language fMRI paradigm has been fully des-

cribed elsewhere (Labache et al., 2019). In short, 
three fMRI runs were completed by the participants, 
each including a sentence-level task and a word-list re-
ference task corresponding to randomized alternation 
of event-related trials. Within each trial, the partici-
pant was shown for 1s either a line drawing (taken 
from the “Le Petit Nicolas” comic strip series) or a 
scrambled drawing, that was immediately followed by

a central fixation crosshair. While fixating the cross, 
the participant performed either the sentence task or 
the word-list reference task.

During the production run (PROD), after seeing a 
line drawing, the participant was instructed to covert-
ly generate a sentence beginning with a subject and a 
complement, followed by a verb describing the action 
taking place and ending with an additional complement 
of a place or a manner. When a scrambled drawing 
was displayed, the subject was asked to covertly gene-
rate the list of the months of the year. 

During the listening run (LISN), whenever a Pe-
tit Nicolas line drawing was displayed, the subject was 
instructed to carefully listen to a sentence dealing with 
the line drawing and to click at the end of the sentence. 
When a scrambled drawing was displayed, he/she was 
instructed to listen to the list of the months, days of 
the week and/or seasons and click at the end of the list. 

During the reading run (READ), like in the two 
other tasks, whenever a line drawing was displayed, 
the subject was instructed to read a sentence based 
on the outline drawing. When a scrambled drawing 
was displayed, he/she was instructed to read the list of 
months, days of the week and/or seasons.

Tasks execution and performance
The response times corresponding to the end of the 
sentence production, sentence listening and sentence 
reading were recorded for each participant during the 
fMRI session, and right after the fMRI session, the 
participants were asked to rate the difficulty of each of 
the tasks on a 5-level scale (1:easy to 5:very difficult). 
For the production run, each participant was asked to 
recall and write down, whenever possible, the sentence 
he/she elaborated when presented with each image, 
the average number of words per (recalled) sentence 
being then computed.

Image acquisition and processing 

Image acquisition 
Imaging was performed on a Philips Achieva 3 Tesla 
MRI scanner (Philips, Erlangen, The Netherlands). 

The structural MRI protocol consisted of a lo-
calizer scan, a high resolution three-dimensional T1-
weighted volume (sequence parameters: TR 20 ms; 
TE 4.6 ms; flip angle 10°; inversion time 800 ms; tur-
bo field echo factor 65; sense factor 2; field of view 
256x256x180 mm3; 1x1x1 mm3 isotropic voxel size) 
and a T2*-weighted multi-slice acquisition (T2*-
weighted fast field echo (T2*-FFE), sequence parame-
ters:TR = 3,500 ms; TE = 35 ms; flip angle = 90°; 
sense factor = 2; 70 axial slices; 2 mm3 isotropic voxel 
size).

Language task-related functional volumes were 
acquired using a T2*-weighted echo-planar echo-
planar imaging (EPI) sequence (TR = 2 s; TE 
= 35 ms; flip angle = 80°; 31 axial slices with a
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240 x 240 mm2 field of view and 3.75x3.75x3.75 
mm3 isotropic voxel size). In the three runs, 192, 194 
and 194 T2*-weighted volumes were acquired for 
the production, listening and reading sentence tasks, 
respectively.

Resting-state functional volumes (N = 240) 
were acquired as a single 8 minutes long run using the 
same T2*-weighted EPI sequence. Immediately prior 
to scanning, the participants were instructed to “keep 
their eyes closed, to relax, to refrain from moving, to 
stay awake and to let their thoughts come and go”.

Processing of structural images
For each participant, (1) the T2*-FFE volume was ri-
gidly registered to the T1-MRI; (2) the T1-MRI was 
segmented into three brain tissue classes (grey matter, 
white matter, and cerebrospinal fluid) and normalized 
to the BIL&GIN template including 301 volunteers 
from the BIL&GIN database using the SPM12 “seg-
ment” procedure (http://www.fil.ion.ucl.ac.uk/spm/) 
with otherwise default parameters. Whole volumes of 
these three compartments were extracted and brain vo-
lume calculated as their sum. In addition, hemispheric 
volumes (left and right) of grey and white matter were 
extracted to compute their asymmetries (Table 3). 

A semi-automated in-house corpus callosum seg-
mentation procedure was then applied to extract in-
dividual masks of corpus callosum obtained from 10 
consecutive mid-sagittal slices of 1mm width on indivi-
dual white matter maps in the MNI stereotactic space. 
An additional processing step to remove the fornix, 
which was sometimes segmented and connected along 
with the corpus callosum, was added. Quality control 
of corpus callosum segmentation was achieved by vi-
sual inspection of all slices, and, when needed, manual 
corrections for minor segmentation error was applied 
using FSL software. Each individual corpus callosum 
mask was then applied to each participant’s norma-
lized and modulated white matter partition images to 
estimate individual corpus callosum volume (Table 3).

Pre-processing of task-related and resting-state 
functional volumes 
Functional data were corrected for slice timing diffe-
rences. To correct for subject motion during the runs, 
all T2*-weighted volumes were realigned using a 
6-parameter rigid-body registration. The EPI-BOLD 
scans were then registered rigidly to the structural 
T2*-FFE image. The combination of all registration 
matrices allowed for warping the EPI-BOLD func-
tional scans from the subject acquisition space to the 
standard space (2x2x2 mm3 sampling size) with a 
single interpolation. 

Time series of BOLD signal variations in white 
matter and cerebrospinal fluid (individual average time 
series of voxels that belonged to each tissue class) as 
well as temporal linear trends were removed from the

rs-fMRI data series using a regression analysis. Ad-
ditionally, rs-fMRI data were bandpass filtered (0.01 
Hz - 0.1 Hz) using a least-squares linear-phase finite 
impulse response filter design.

Language task-fMRI processing

Language task contrast maps 
Statistical parametric mapping (SPM12, http://www.
fil.ion.ucl.ac.uk/spm/) was used for processing the 
task-related fMRI data. First, a 6-mm full width at 
half maximum (FWHM) gaussian filter was applied to 
volumes acquired during each run. For each partici-
pant, differences between BOLD signal volumes cor-
responding to sentence and list belonging to the same 
run were computed, namely sentence minus word-list 
production (PRODSENT-WORD), sentence minus word-list 
reading (READSENT-WORD), and sentence minus word-
list listening (LISNSENT-WORD).

Regions of interest analysis using the SENSAAS 
atlas
BOLD signal variations during the 3 language tasks 
and resting-state and their asymmetries were then 
computed for the set of 18 pairs of homotopic fron-
tal and temporal regions of interests (hROIs) that we 
previously identified in the subgroup of 144 right-han-
ders as constituting a core network of language areas 
(SENT_CORE, Figure 1 (Labache et al., 2019)). 
These 18 hROI-pairs were selected as activated and 
leftward asymmetrical in these same 3 tasks and as 
constituting at rest a network with strong positive cor-
relations across the hROIS. Note that SENT_CORE 
areas contain the antero-posterior high-order lan-
guage areas, consistent with language meta-analyses 
of healthy individuals (Price, 2010; Price, 2012; Vi-
gneau et al., 2006), including 3 intrinsic connectivity 
hubs corresponding to the inferior frontal gyrus (F3t) 
and two regions of the superior temporal sulcus (STS: 
STS3 and STS4 Figure 1).

Here, for each participant, each of the 3 contrast 
maps, and each of these 18 hROIs, left and right 
BOLD signal variations were computed by averaging 
the contrast BOLD values of all voxels located within 
the hROI volume. Then, for each participant and each 
contrast map, mean left and right BOLD variations 
and asymmetry for the whole network were also com-
puted as a weighted (by volume) average of the corres-
ponding 18 hROIs values (SENT_CORE), as well as 
the mean of the 3 hubs (SENT_HUBS).

Resting-state organization of SENT_CORE 
network
For each individual and each hROI composing the 
SENT_CORE network, we computed a degree centra-
lity (Rs_DC) in each hemisphere. The Rs_DC in each 
participant and each hROI of each hemisphere was
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calculated as the sum of the positive correlations exis-
ting between one hROI and all the other hROIs of the 
SENT_CORE network. Rs_DC values were then ave-
raged across the 18 hROIs of the same hemisphere 
and the resulting left and right averaged Rs_DC va-
lues were summed and divised by 2 so as to provide an 
average SENT_CORE intra-hemispheric Rs_DC cha-
racterizing the strength of within hemisphere intrin-
sic connectivity for this network. We also computed 
the left minus right difference of the averaged Rs_DC 
values as a measure of the asymmetry in intra-hemis-
pheric connectivity strengths for the SENT_CORE 
network.

Interhemispheric connectivity strength was esti-
mated in each individual by the average across the 18 
hROIs pairs constituting the SENT_CORE network 
of the z-transformed intrinsic correlation coefficient 
between homotopic ROIs (mean Inter-Hemispheric 
Homotopic Correlations, Rs_mIHHC).

Statistical analysis

Identification of groups of individuals with diffe-
rent brain organization for language through hie-
rarchical clustering
In a previous work (Mazoyer et al, 2014), we have 
shown that the distribution of lateralization for sen-
tence production, although of continuous nature, could 
be used to classify individuals into 3 discrete catego-
ries. So, we believe it was justified to try to categorize 
individuals taking into account not solely production 
but reading, listening and resting-state, as well. It is 
important to realize that we did not a priori decide that 
the number of categories for this multivariate classi-
fication would be 3 (as it was when using production 
only). Rather, the optimal number of clusters for this 
multivariate classification was obtained using a fully 
unsupervised methodology and a combination of 30 
statistical criteria (see below).

The study sample was segregated in groups va-
rying in their intra- and interhemispheric organization 
in SENT_CORE using an agglomerative hierarchical 
clustering procedure. The variables entered in this 
procedure were both functional asymmetries induced 
by each of the 3 language tasks and intra- and interhe-
mispheric SENT_CORE intrinsic connectivity metrics.

Task-induced functional asymmetries were ob-
tained both at the SENT_CORE level, because of the 
low intersubject variability that results from avera-
ging over the whole set of 18 ROIs, and at the SENT_
HUBS level (i.e., when averaging asymmetries over 3 
hubs: F3t, STS3 and STS4) because, although more 
variable across individuals, this hub-averaged asym-
metry involves supramodal regions having a key role in 
the sentence core network (see (Labache et al., 2019)). 
There were thus 6 variables for task-induced activation: 
the SENT_CORE and SENT_HUBS asymmetries for 
LISNSENT-WORD, PRODSENT-WORD and READSENT-WORD.

To investigate both the intrahemispheric integration in 
the language networks and the interhemispheric diffe-
rences, we included in the hierarchical classification 
the sum of the two hemisphere Rs_DC values (left Rs_
DC + right Rs_DC) and the Rs_DC asymmetry (left 
Rs_DC – right Rs_DC) calculated in SENT_CORE. 
To account for interhemispheric intrinsic connectivity 
strength, we included the mean of the interhemispheric 
SENT_CORE homotopic correlation (Rs_mIHHC).

These 9 variables were standardized before being 
jointly entered into an agglomerative hierarchical clas-
sification (Sneath & Sokal, 1973) that used the Eucli-
dean distance for computing the dissimilarity matrix 
and the Ward distance (Ward Jr, 1963) to aggre-
gate the different participants into clusters using the 
“hclust” function provided by default in R. The optimal 
number of clusters was determined using the R libra-
ry “NbClust” (Charrad, Ghazzali, Boiteau, & Niknafs, 
2014). This package provides 30 statistical indices for 
determining the optimal number of clusters and offers 
the best clustering scheme from the different results 
obtained by varying all combinations of the number of 
clusters for the chosen method, in this case, hierarchi-
cal clustering with Ward’s distance. We selected the 
number of clusters that satisfied a maximum of indices 
and found it to be equal to 3.

Hierarchical classification was completed with R 
(R version 3.5.1; R Core Team, 2013), while other 
statistical analyses were performed using JMP15 
(http://www.jmp.com, SAS Institute Inc., 2018).

Identification of individuals with dissociations of 
lateralization across tasks
In a second step, we identified individuals exhibiting 
at least one dissociation in their lateralization among 
the 3 language tasks, which means those who exhi-
bited SENT_CORE functional asymmetries larger 
than 0.05 in amplitude in the opposite direction in one 
task compared to the others. We also searched for indi-
viduals exhibiting a dissociation in their SENT_HUB 
asymmetries, which led to the definition of two cate-
gories of individuals: 1. those exhibiting a dissociation 
for either SENT_CORE or SENT_HUB or both, who 
were named “CROSSED”; 2. those showing either 
leftward lateralization for all tasks for both SENT_
CORE and SENT_HUBS or right lateralization for all 
tasks for both SENT_CORE and SENT_HUBS, who 
were named “CONGRUENT”.

Pearson’s chi-square tests were conducted to 
compare the proportion of “dissociation” across the 
clusters identified by the classification.
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Characterization of the groups provided by the 
classification with different brain organization 
of the language network

Task performance, demography and handedness
To ensure that potential differences in the asymme-
tries measured during the language tasks were not re-
lated to group differences in task execution time that 
was recorded during the task-induced fMRI session, 
response times were compared across “language or-
ganization” groups (corresponding to the clusters of 
the hierarchical classification) taking into account sex, 
age, and brain volume. In addition, within each “lan-
guage organization” group, we compared the groups of 
“CONGRUENT” and “CROSSED” individuals.

The different “language organization” groups 
were compared with variables known to be asso-
ciated with variability in language lateralization, na-
mely, handedness, sex, age, and brain volume. To 
complete these analyses, Pearson’s chi-square tests 
were applied for discrete variables (handedness and 
sex) and ANOVA with Tukey’s HSD post hoc tests 
for continuous variables (age and brain volume).

Task-induced and resting-state organization of 
the SENT_CORE network in groups varying in 
their language network organization
We first comprehensively described the different types 
of organization of the sentence networks in the groups 
issued from the hierarchical classification.

We used two repeated measures MANOVA 
to examine the task-induced asymmetries within 
SENT_CORE and SENT_HUBS in the 3 language 
tasks searching for “task” (3 levels), “language or-
ganization” (3 levels, that is, a number of levels cor-
responding to the number of identified clusters) and 
“handedness” main effects and their interactions.

Note that to ensure that this between-group diffe-
rence was not due to a difference in the occurrences of 
dissociations across “language organization” groups, 
the statistical analysis was completed on the abso-
lute values of asymmetries within SENT_CORE and 
SENT_HUBS. We also examined in the ATYP and 
TYP_MILD groups the effect of “dissociation” and 
its interactions with “task” on the strength of task-in-
duced asymmetries. The TYP_STRONG group was 
not considered in this analysis because there were only 
2 DISSOCIATED individuals in this group.

In the same way, we examined the resting-state 
variables, i.e., the Rs_DC asymmetries, Rs_DC mean 
and Rs_mIHHC. For Rs_mIHHC, we performed the 
Fisher z-transformation to conduct the analysis.

Finally, using repeated measures MANO-
VA, we searched whether there was a difference in 
resting-state organization with the occurrence of 
“dissociations” depending on “language organiza-
tion” (restricted to 2 factors ATYP and TYP, as

the TYP_STRONG and TYP_MILD groups that 
were not different for Rs_DC and Rs_mIHHC were 
merged) by comparing their mean Rs_DC values and 
asymmetries (including a main effect of “side” in the 
MANOVA), and SENT_CORE Rs_mIHHC.

All post hoc analyses were conducted using Tu-
key’s HSD test for multiple comparisons.

Anatomical variables
To investigate the brain structural differences in 
groups with different functional organization of lan-
guage lateralization, we compared corpus callosum 
volume (CCvol) and asymmetries (left minus right) in 
gray matter (GMasym) and white matter (WMasym) 
hemispheric volumes. In this analysis, “CROSSED” or 
“CONGRUENT” was studied in interaction with the 
“language organization” main effect restricted to 2 
factors (“TYP” and “ATYP”).

First, to take into account variables that were 
found to covary with GMasym, WMasym and CCvol, 
we computed the residuals of MANCOVAs that in-
cluded age, sex, total brain volume and handedness. 
These residuals of GMasym and WMasym were then 
entered in repeated measures ANOVA including a “lan-
guage organization” main effect restricted to 2 factors 
(“TYP” and “ATYP”) and dissociation (“CROSSED” 
or “CONGRUENT”) and their interaction as fixed 
factors and their interaction with the anatomical com-
partment (gray matter or white matter).

The residuals of CCvol were entered in ANO-
VA searching for an effect of a “language organiza-
tion” main effect restricted to 2 factors (“TYP” and 
“ATYP”), an effect of dissociation with two factors 
(“CROSSED” or “CONGRUENT”) and their interac-
tion.

Cognitive variables
First, we performed a multiple linear regression ana-
lysis of the scores of the 11 tests of the cognitive bat-
tery, including sex, manual preference, age, education 
level and total intracranial volume as predictors since 
these variables have been shown to partly explain the 
variance in these scores (Mellet et al., 2013). Resi-
duals of the 11 regression analyses were then entered 
into PCA with a promax rotation. We used the scree 
criterion to determine the number of components to be 
retained.

The “language organization” groups were com-
pared with regard to their cognitive abilities through 
repeated measures MANCOVA including the 4 compo-
nents of the PCA obtained from the residuals of the 11 
scores. Finally, an impact of “dissociation” on cognitive 
abilities was also tested in the ATYP and TYP_MILD 
groups (only 2 dissociations in TYP_STRONG).

Post hoc analyses were conducted using uncorrec-
ted Student’s t-tests.
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Comparison of the different classifications for 
language lateralization
We also compared the present classification based on a 
multitask and multimodal approach to two other clas-
sifications that were previously applied to the same 
group of individuals, namely, the Gaussian mixture 
modeling classification on the HFLI obtained with the 
PRODSENT_WORD contrast (Mazoyer et al., 2014) and an 
support vector machine approach applied at the voxel 
level, allowing us to classify the dominant and nondo-
minant hemispheres of each participant according to 
their spatial pattern of activation during PRODSENT_

WORD (Zago et al., 2017).
To compare these 3 different classifications obtained 
in the 287 subjects, we used the “ggalluvial” R library 
to make an alluvial plot (Brunson, 2019). The alluvial 
plot allowed us to visualize, for each subject, their clas-
sification as TYP_STRONG, TYP_MILD or ATYP 
issued from the present work, as typical (TYP), ambi-
lateral (AMB), or strong-atypical (SA) based on HFLI 
(Mazoyer et al., 2014), and the classification of each of 
the hemispheres as dominant or nondominant obtained 
with support vector machine (Zago et al., 2017). Two 
plots were made, which included one for right-handed 
people and another for left-handers.
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