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Human language requires constant learning of new words, leading
to the acquisition of an average vocabulary of more than 30.000
words in adult life. The ability to learn new words is highly variable
and may rely on the integration between auditory and motor
information. Here, we combined diffusion imaging tractography
and functional magnetic resonance imaging to study whether
the strength of anatomical and functional connectivity between
auditory and motor language networks is associated with word
learning ability. Our results showed that performance in word
learning correlates with microstructural properties and strength of
functional connectivity of the direct connections between Broca's
and Wernicke's territories in the left hemisphere. This study sug-
gests that our ability to learn new words relies on an efficient
and fast communication between temporal and frontal areas. The
absence of these connections in other animals may explain the
unique ability of learning words in humans.

arcuate fasciculus | functional connectivity | tractography | white mat-
ter | word learning

INTRODUCTION

Language is a unique human ability that has been suggested
to depend on the evolution of direct connections between the
temporal and frontal cortex for the integration of auditory and
motor representation of words (1). Auditory-motor integration,
involving the mapping of sound into articulation, has been pro-
posed to be important not only for auditory perception (2) and
speech processing (3, 4), but also for learning new words (1, 3, 5).
The auditory-motor integration theory of speech is based in part
on the observation that patients with lesions affecting the arcuate
fasciculus (AF) connecting temporal and frontal cortices, are
impaired not only in phonological and word repetition but also
in verbal short-term memory tasks (6, 7). Moreover, stimulation
of the premotor cortex with repetitive transcranial magnetic stim-
ulation disrupts the capacity to discriminate between phonemes
(8). Similarly, learning new words is impaired if participants are
engaged in the articulation of irrelevant sounds while they try to
learn new ones (9). These studies are supportive of a link between
auditory and motor processes in word learning.

Auditory and motor areas communicate directly through the
AF, a pathway that shows a progressively high degree of complex-
ity along the phylogenetic scale (10-13). Axonal tracing studies
in monkey have shown that the AF connects to more dorsal
regions of the temporo-parietal cortex (11, 14), whereas diffusion
tensor imaging (DTI) studies in humans show a greater level of
connectivity to auditory regions of the temporal lobe (10, 12).
On the basis of these anatomical differences between human
and other species, it has been suggested that the evolutionary
expansion of auditory-motor connections allowed humans to de-
velop a system for auditory working memory critical for learning
complex phonological sequences (1, 15). There is, however, no
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experimental evidence so far that links the anatomy of the AF
with word learning ability.

In the current study, we aimed to seek direct evidence of the
role of the AF in auditory-motor integration and word learning.
For that, we explored the pattern of structural and functional con-
nectivity between auditory and motor areas in both hemispheres
as assessed by DTI-Tractography and fMRI while participants
were learning words from fluent speech (Fig. 1A).

In our study we have used a recently described model of
the AF(10, 16) in which communication between temporal and
frontal language areas is mediated by two parallel networks: a
direct pathway (i.e. the long segment of the AF) which connects
the posterior part of both the superior (Brodmann Area [BA] 22)
and the middle (BA 37) temporal gyrus (Wernicke's territory) and
the inferior frontal gyrus (IFG, BA 44 and 45), middle frontal
gyrus (BA 46) and premotor cortex (BA 6) (Broca’s territory);
and an indirect pathway composed of an anterior segment con-
necting Broca’s territory with the inferior parietal cortex (IPL, BA
39 and 40) (Geschwind’s territory) and a posterior segment con-
necting Geschwind’s with Wernicke’s territories (Fig. 1B). Our
primary hypothesis was that word learning ability correlates with
structural and functional connectivity of tracts directly connecting
auditory and motor areas (i.e. long segment). Alternatively, previ-
ous evidence suggests that a ventral pathway running through the
extreme capsule also connects the language areas (17-19). This
path connects IFG (BA 45/47) with superior temporal gyrus [BA
22]), inferior parietal (BA 39) and occipital cortices (BA 17,18
and 19) (12, 18, 20) and it has been claimed to be important for
spoken word recognition (21). During auditory word learning, the
ventral pathway may allow the categorization of words as familiar
once they have been learned, a point that could be also crucial for
success. Therefore, the inferior fronto-occipital fasciculus (IFOF)
was also bilaterally dissected (Fig. 1B and Fig. S1) in order to
tease apart the possible contribution of the ventral pathway to
word learning in its initial stages.

RESULTS

Virtual dissections of the AF and the IFOF were performed in
21 right-handed healthy subjects (mean age = 25.6 * 3.9 years,
9 females) and surrogate measures of volume (i.e. number of
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Fig. 1. Task and methods used in the study. A. Schematic illustration of

the language-learning task used composed by a learning and a test phase.
The learning phase consisted in the auditory presentation of an artificial
language stream composed by trisyllabic words separated by subtle pauses.
The test phase consisted in the presentation of isolated words (“words” or
“non-words”) and participants were required to recognize each one as correct
or incorrect based in the previously heard artificial language. B. Example of
tractography reconstruction of language pathways in the left hemisphere
for one of the subjects rendered onto the MNI template.

streamlines) and microstructural properties of fibers possibly
related to the degree of myelination, axonal architecture and
diameter (i.e. fractional anisotropy [FA] and radial diffusivity
[RD]) were measured along reconstructed streamlines (22) (see
Method). Analyses were performed separately for the three seg-
ments of the AF (Fig. 1B and SI Text) and the IFOF (Fig. 1B, Fig.
S1 and SI Text) in both the left and right hemispheres.

The word-learning task involved two phases (Fig. 1A and
Method). In the learning phase participants were asked to mem-
orise artificially created words composed of three syllables pre-
sented in the form of a fluent speech stream (23). The words
were novel to the participants and had no semantic content. The
learning task was performed in the MRI scan during the fMRI ex-
periment. Immediately after the learning phase, participants were
behaviorally tested and asked to recognize auditory presented
words (recognition phase) (see Method for further details). Word
learning performances were measured using hit rates taking into
account false alarms, calculating the d-prime (d’) index (24),
which reflects individual’s ability to discriminate words presented
in the artificial language from non-presented words (non-words)
(SI Text). One-sample t-test against d'= 0 (no discrimination)
showed significant learning: ¢ (24) = 2.74, p < 0.01.

Relationship between word learning performance and tract
properties of the AF and the IFOF

AF. After Bonferroni’s correction for multiple comparisons,
a statistically significant negative correlation was found between
word learning performance and radial diffusivity (r = - 0.6; p <
.005) in the left long segment (Fig. 2; Table S1). Correlations with
the anterior and posterior segments were not statistically signifi-
cant (Fig. 2; and Table S1). There were no significant correlations
with all three segments in the right hemisphere (Fig. 2; and Table
S1). These findings suggest that microstructural properties of the
dorsal direct connections between temporal and frontal language
regions in the left hemisphere correlate with individual abilities
to learn new words. In addition, a Lateralization Index (LI) was
calculated by counting the number of reconstructed pathways
within each segment of the AF for each hemisphere (see Method,
SI Text and Fig. S2). In agreement with previous reports (16),
the long segment showed a leftward lateralization, the anterior
segment showed a rightward lateralization, while the posterior
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segment showed a symmetrical distribution (Table S2 and Fig.
S2). No significant correlation was observed between the LI of
any of the segments of the AF and learning performance (Table
S2).

IFOF. No statistically significant correlations were found be-
tween any of the DTI-derived measures and word learning scores
for the IFOF of either hemisphere (Table S3). Lateralization
analyses showed that the IFOF had a symmetrical distribution
(Fig. S2 and Table S2). In addition, no significant correlation was
observed between the LI of the IFOF and learning performance
(Table S2).

Relationship between word learning performance and func-
tional connectivity

Functional connectivity analyses were performed using the
temporal correlation of the blood oxygen level-dependent
(BOLD) response between the three regions of the perisylvian
network connected by the direct and indirect segments of the
AF on both hemispheres (see Method). Results showed that
individual variations in the strength of the functional connectiv-
ity between the left temporal (Wernicke’s territory) and frontal
(Broca’s territory) areas correlated with word learning perfor-
mance (r = 0.42, p < 0.036; Figure 3A). The strength of connec-
tivity between right frontal and temporal regions or between the
regions connected by the indirect segments in both hemispheres
was not significantly correlated with performance (all p > 0.1).
In addition, laterality analyses of functional connectivity between
regions connected by each AF segment were also calculated (see
SI Text). The correlation between these functional connectivity
LIs and word learning performance revealed no significant cor-
relations (all p> 0.09; Table S4).

Relationship between structural and functional connectivity

Tract-specific measurements of single segments and strength
of the functional connectivity between perisylvian areas were used
to analyse possible correlations between anatomical and func-
tional connectivity. We found no significant correlations between
diffusion parameters and measures of functional connectivity (all
p>0.1).

DISCUSSION

The present study combines tractography and fMRI in direct
support of the role of the AF in word learning. Our main results
suggest that both structural and functional measures of connec-
tivity between temporal and frontal language territories in the left
hemisphere predict word learning abilities. The fact that correla-
tions for the indirect pathways were not significant suggests that
the direct connections are crucial for audio-motor integration in
word learning. The direct connections of the AF could mediate
fast interaction between auditory and motor areas in the left
hemisphere, thus facilitating those feed-forward and feed-back
exchanges of information that are required to create motor codes
of the new phonological sequences (4, 5). Moreover, this sensory-
motor circuit may provide the substrate for articulatory-based
processes that allow keeping information active during working
memory (25, 26).

In addition, word learning did not correlate with any of the
microstructural measures of the ventral IFOF, indicating that
audio-motor integration through the dorsal pathway is the critical
function at these earliest stages of language learning. The ventral
pathway may nevertheless play a greater role at later stages of
learning, when auditory representations of learned words are
consolidated by taking into account invariance properties after
multiple encounters (27) as well as once conceptual representa-
tions have been attached to the new-words learned (28).

A basic aspect of human language is its left-side lateralization
(29). In our study, the correlation between language learning and
the AF direct segment was exclusively found in the left hemi-
sphere. This left lateralized relation was not relative to the charac-
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teristics of the right AF because lateralization indexes showed no
correlation to word-learning performance. Previous work found
correlations between verbal memory for known words and the
AF bilaterally (16). The lateralization difference compared to our
study can be related to the use of a semantic recall strategy for
real words which is associated to bilateral activation of fronto-
temporal networks (30). In contrast, no semantic component
was present in our task, designed to have a purely phonological
component and therefore more likely to rely on a more simple
audio-motor integration strategy.

The present findings add novel insights into the relationship
between brain morphology and language proficiency, previously
explored by neuroimaging studies looking at the anatomy of
single cortical regions. For example, the grey matter density of
Broca’s area has been found to correlate with the level of language
proficiency (31) and the number of years of phonetic training
in expert phoneticians (32). Similarly, white matter density in
left parietal regions (33, 34) and the superior temporal gyrus
(34) predicts speech sound learning. Interestingly, a recent study
has shown that changes in the cortical thickness of Broca’s area
and left superior temporal gyrus can occur even only after three
months of intensive language training (35). On the other hand,
the aforementioned findings, together with our results, contrast
with retrospective studies showing an association between grey
matter density in the posterior parietal cortex and vocabulary
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size of the first (36) and second language (37). This suggests
that learning and storing new words rely on different anatomical
structures, the former on temporal-frontal regions, the latter on
inferior parietal areas.

The correlation we found with structural measures of con-
nectivity suggests that radial diffusivity is a sensitive index of
white matter microstructural features underlying efficient cog-
nitive processing. Several factors like axon diameter, packing
density, fiber crossing, number of axons, myelination of axons and
myelin thickness may contribute to radial diffusivity signal (22).
Importantly, thicker myelin and larger diameter axons are corre-
lated with increased conduction of action potentials through long
association fibers (38). A decrease in radial diffusivity, i.e. the
average of the diffusivities along the two minor axes of the tensor
model (39), is likely to reflect increased myelination or increased
axonal diameter (40). Hence, the correlation reported in our
study suggests that a possible explanation for the interindividual
variability in word learning is due to differences in the anatomy
of direct connections between left auditory and motor areas.
One could speculate that fibers with larger axons and/or greater
myelination facilitate faster conduction of impulses leading to
better synchronization and information transfer between distant
regions.

In addition, our results show that functional connectivity is
an independent predictor of word learning performance. Several
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Fig. 3. Functional MRI analyses. A. Scatter plot showing the correlation

between word learning (d-prime [d’']) and the amount of functional con-
nectivity between Broca’s and Wernicke’s territories in the left hemisphere
during the word learning task. Correlation index and the p-value are pro-
vided on the plot box. The averaged functional connectivity (significantly
different from zero, p <0.001) is also shown. B. Language versus rest contrast
in sagittal views superimposed on the MNI template (p < 0.05 FDR corrected).
Only activations in the left hemisphere are shown in the figure. See Table S5
for peak activation coordinates.

studies have focused on the physiological processes underpin-
ning the fluctuations that are commonly observed in the BOLD
response as measured by fMRI (41-43). The BOLD signal is
sensitive to changes in the oxygenation of the blood in a given
area, thus associated to its increased neuronal activation (44). In
relation to neural activity, BOLD response fluctuations reflects
more the input and local processing of an area rather than
its output (i.e., spiking activity) (43). Conversely, DTI is more
sensitive to differences in white matter microstructure, such as
axonal density, myelination or fiber diameter (22). These mi-
crostructural properties of fibers are likely to facilitate a faster
signal conduction but they may not be related to integrative pro-
cesses performed at the cortical level (45, 46). Indeed, our results
suggest that, although both functional and anatomical measures
of connectivity are correlated to language learning performances,
a correlation between them should not be assumed.

Crucially, the AF, taken as a possible anatomical substrate of
audio-motor integration, might represent a key step for language
development. Comparative studies indicate that apes and mon-
keys have homologues for Broca’s and Wernicke'’s areas in terms
of grey matter (47, 48) and both dorsal and ventral connections
between them (47). However, the trajectory of the AF is different
between species. Middle and inferior temporal gyri terminations
from the inferior frontal gyrus are more prominent in humans
than in macaques and chimpanzees (12, 13, 47). In addition, the
AF appears to show a greater modification in human evolution
than the ventral extreme fiber system (49). Indeed, while humans
and chimpanzees show a dominant connection between Broca’s
and Wernicke's territories through the AF, macaques show a
predominant connection through the ventral pathway (13). This
latter path, involved in auditory object identification is the one
processing calls and vocalizations in these lower species (49).
Interestingly, monkeys, that have a smaller AF compared to
humans (11, 14), are able to perform complex tactile and visual
memory tests but these skills are lost in the auditory modality
(50). This suggests that the ability to integrate audio-motor in-
formation confers some advantages in the manipulation of the
representation of acoustic stimuli, thus allowing its storage in the
long-term memory.

4 | www.pnas.org --- ---

Ontogenetically, the AF develops slower than other associa-
tive pathways, including the ventral pathway (19). Its termina-
tions connecting with Broca’s area show progressive development
during childhood, still under development at the age of 7 (51,
52). However the connections with premotor cortex, those re-
sponsible to audio-motor integration, can be tracked in newborns
(19, 52), suggesting a role in early language acquisition. Very
early pre-linguistic damage to the AF (53) induces delayed ex-
pressive language development and residual language difficulties
remain even when within normal levels of expressive language
are reached later on through the available connectivity of the
ventral pathway. Similar. Similar lesions after the age of 5 (54)
lead to preserved oral language, although with poor performance
in nonword repetition, verbal working memory and reading. In
healthy adults, the use of articulatory suppression to block the
use of the dorsal pathway interferes with word learning also, and
performance under this condition correlates with the individual
differences in the microstructural properties of the ventral path-
way (9). Taken together, the above studies indicate that lesions
to the AF induce language-learning difficulties. Even when the
ventral system can compensate for language learning, optimal
performance cannot be reached after complete damage of the
AF.

It is noteworthy that in spite of the differences in termi-
nology, each of the three segments composing the AF in the
model followed in the current study correspond to what has
been previously described for the monkey brain (11, 12). The
anterior segment corresponds to the third superior longitudi-
nal fasciculus bundle (SLF III); the long segment corresponds
specifically to the arcuate sensu strictu; and the posterior segment
corresponds to the middle longitudinal fasciculus. In this study
we have used DTI instead of more advanced methods such as
High Angular Resolution Diffusion Imaging or diffusion spectral
imaging [HARDI]/DSI). These methods lead to greater number
of false positives streamlines in the AF reconstruction that need
to be anatomically validated (55). Thus for AF tractography, DTI
remains a more conservative and reliable method nowadays (for
a more in depth critique, see (56)).

In conclusion, the present results support the idea that the
direct segment of the AF is crucial for word learning, most
probably due to its relevance for proper audio-motor integration.
This study also sheds light on the origin of the large individual
variability observed when learning a new language and gives
support to the idea that anatomical brain connectivity constrains
the nature of the information processed across brain regions
(57). Finally, the big differences existing between humans and
non-human primates in language learning might be related to
the evolution of the AF, a pathway that has been shown to be
structurally different in non-human primates, and that allows the
processing and manipulation of complex auditory information.

MATERIALS AND METHODS

Participants

Twenty-seven participants (mean age = 24.7 + 4.6, 12 women) were
recruited for the experiment. Participants were native Spanish speakers with
no history of auditory problems. All participants in this study were considered
right handed after completing the Edinburgh Handedness Inventory (mean
80.4 * 20.4)(58). The ethical committee of the University of Barcelona ap-
proved the protocol and written consent was obtained from all participants.
Participants were paid for their participation. Six participants were removed
for the tractography analyses due to MRI acquisition problems and two
participants were removed from the behavioural correlations because no
behavioural data was obtained from them. The final sample resulted in 20
subjects for the behavioral-tractography correlations, 25 for the behavioral-
functional connectivity correlation and 21 for the tractography-functional
correlations.

Language learning task-design

An artificial language learning task was administered into the scanner
(Fig. 1A) through two runs. Eight different languages were built with each
participant listening to two different languages. Languages were counter-
balanced between subjects and were built by creating words composed
of three syllables. Words were synthesized using the MBROLA speech syn-
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thesizer software (59) concatenating diphones at 16 kHz from the Span-
ish male database (tcts.fpms.ac.be/synthesis/mbrola.html). Languages were
composed by 9 different novel words built following Spanish phonotactic
constrains. Each word had a 696 msec duration and subtle pauses of 25 msec
were inserted between them in order to introduce a prosodic cue to mark
words boundaries (60). Words were presented in pseudorandom order (i.e.
the same word was not repeated in succession) and in the form of a fluent
speech stream. The material was similar to the one used in De Diego-Balaguer
et al (23).

The task involved a learning phase and a test phase (Fig. 1A). During
the learning phase, four active blocks lasting 30 seconds, including 42 word
presentations each were presented. Active blocks were alternated with
resting blocks of 20 seconds duration where participants were asked to
simply fixate their gaze on a cross that remained in the middle of the screen.

Participants were told that they would hear a nonsense language and
that their task was to pay attention because they would be asked to recog-
nize words of this language after the listening. Inmediately after the learn-
ing phase, participants were behaviorally tested (recognition phase). Isolated
words were presented auditory and participants were required to judge
whether each word had appeared in the previously learned language stream.
The words presented in the test could be previously presented words, or non-
words, formed with the same three syllables of a previously exposed word
in an incorrect order (Fig. 1A). Each test item appeared three times in each
recognition phase leading to 36 test trials. Responses were recorded using an
MR-compatible response box containing two response keys (forefinger and
middle-finger). Participants were required to press the left button if they
judged the item to be a word presented before and the right button if not.
The experiment was run using the Presentation Software (http:/nbs.neuro-
bs.com/). Stimuli were played through MR-compatible headphones.

MRI acquisition

Images were acquired on a 3-T MRI scanner (Siemens Magnetom Trio)
with 40-mT/m gradients, using an acquisition sequence fully optimized for
DT-MRI of white matter, with the following parameters: voxel size of 2.0 x
2.0 x 2.0 mm, matrix 128 x 128, 64 slices with 2 mm-thick and no gap, NEX 1,
TE 88 ms, b-value 1000 s/mm?, 8 runs of 12 diffusion-weighted directions and
7 non-diffusion-weighted volumes, using a spin-echo EPI sequence coverage
of the whole head. DTI images were acquired before the fMRI sequence.
High-resolution structural images (T1-weighted sequence: slice thickness =
1mm; no gap; number of slices = 240; repetition time (TR) = 2300ms; echo
time (TE) = 3ms; matrix = 256 x 256; field of view FOV = 244 mm) were also
acquired. Subsequently, functional images were obtained by using a single-
shot T2*-weighted gradient-echo EPI sequence (slice thickness = 4mm; no
gap; number of slices = 32, order of acquisition interleaved; repetition time
(TR) = 2000 ms; echo time (TE) = 29 ms; flip angle = 80°% matrix = 128 x 128;
field of view FOV = 240 mm).

DTI-MRI Tractography

Preprocessing of DTl data

Diffusion data was processed using Explore DTI
(http://www.exploredti.com). Data was first pre-processed correcting
for eddy current distortions and head motion. For each subject the b-matrix
was then reoriented to provide a more accurate estimate of diffusion tensor
orientations (61). Remaining artefacts due to subject motion and cardiac
pulsation were excluded from the analysis using the RESTORE (62) to reject
and correct outliers from diffusion-weighted imaging (DWI) data. Diffusion
tensor was estimated using a non linear least square approach (63) and
Fractional Anisotropy (FA) and Radial Diffusivity (RD) maps were calculated.
Whole brain tractography was performed using a b-spline interpolation
of the DT field and Euler integration to propagate streamlines following
the directions of the principal eigenvector with a step size of 0.5 mm (64).
Tractography was started in all brain voxels with FA > 0.2. Tractography
was stopped where FA < 0.2 or when the angle between two consecutive
tractography steps was larger than 35 degrees. This whole-brain approach
ensures that tractography reconstruction is not dependent on the ROI
delineation. Finally, tractography data and diffusion tensor maps were
exported to Trackvis (65) for manual dissection of the tracts.

Tractography dissections

Virtual dissections of the AF and the IFOF were carried out as previous
studies have described (10, 16, 66)(see SI Text for further details). Dissections
were performed for each subject in the native space and in both hemi-
spheres. The color fiber orientation maps were resliced in axial, coronal,
and sagittal planes and displayed in conjunction with tractography results
to allow an approximation to the neuroanatomical location of the tract
reconstructions. Because brain regions may have significant interindividual
differences, regions of interest (ROIs) were manually defined (i.e., the dissec-

1. Schulze K, Vargha-Khadem F, Mishkin M (2012) Test of a motor theory of long-term auditory
memory. Proc Natl Acad Sci U S A 109:7121-5.

2. Liberman AM, Mattingly IG (1985) The motor theory of speech perception revised. Cogni-
tion 21:1-36.

3. Hickok G, Poeppel D (2007) The corticall organization of speech processing. Nat Rev
Neurosci 8:393-402.

4. Rauschecker JP, Scott SK (2009) Maps and streams in the auditory cortex: nonhuman
primates illuminate human speech processing. Nat Neurosci 12:718-24.
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tor placed the ROI according individual anatomical landmarks, rather than
coordinates or atlas-based constraints that may not apply to each single
subject). The approach does not constrain tracts to start and end within the
defined regions, only to pass through them (SI Text).

Fiber Track measures

Number of streamlines (Ns), fractional anisotropy (FA) and radial dif-
fusivity (RD) were extracted and averaged along each of the entire tracks
segmented (22). Number of streamlines is considered a surrogate measure
of tract volume; FA is considered a measure linked to axon packing and
myelination; RD described miscroscopic water movements perpendicular to

the axons tracks (67) and it has been postulated to reflect myelin quality
along the axon. Demyelination (68) as well clinical disability and severe tissue
injury (69) has been associated with increased RD.

Statistical analysis

The statistical analysis was performed using the SPSS software. Pearson’s
correlation analyses were performed between the learning performance
(d-prime index) and the DTl measures (Ns, FA, RD) along each segment
(long, anterior, posterior) of the AF as well as for the IFOF pathway from
both hemispheres (Fig. 1B). Correlations were considered significant at p <
0.0062 after Bonferroni’s correction for multiple comparisons. Values that
were greater than two standard deviations from the mean were considered
outliers and were removed from the analyses (see Tables S1 and S3 for the
final sample of each correlation analysis). A lateralization index (LI) was
calculated for both the number of streamlines and FA according to the
following formula: ((left)-(right)) / ((left)+(right)) (SI Text)(16).

Functional-MRI

Preprocessing

Data were preprocessed using Statistical Parameter Mapping software
(SPM8, Wellcome Department of Imaging Neuroscience, University College,
London, UK, www: fil.ion.ucl.ac.uk/spm/). Preprocessing included realign-
ment, coregistration between the mean functional and the structural T1,
segmentation, normalization and smoothing with a 8 mm FWHM Gaussian
kernel. Normalization was performed using DARTEL (70).

Statistical analysis was based on a least-square estimation using the
general linear model by convolving a box-car regressor waveform with a
canonical hemodynamic response function. Two main conditions of inter-
est were modeled, language and rest. Parameters from head movement,
obtained from realignment, were also included in the model. Main effects
for each condition were calculated and the contrast of interest (language
versus rest) was estimated for each participant. A second level RFX analysis
was performed by using a one-sample t-test on the main contrast derived
from the single subject data. Results are shown at a p < 0.05 FDR corrected
(see Fig. 3B; and Table S5).

Functional connectivity (fcMRI) and statistical analysis

Three ROIs were manually defined based on the anatomical gyri around
the territories connected by the direct and the indirect segments of the
AF (Sl Text; and Fig. S3). First level subject specific Language vs. rest con-
trasts were masked with the defined ROIs, and for each subject, the peak
coordinate within each ROI was selected. Eight-millimeter radius 3D-seeds
were placed at the selected coordinates and mean voxel time course series
was extracted. These mean time courses were low-pass filtered and had
the linear trend removed. MATLAB toolbox for functional connectivity (71)
includes a function to calculate the relationship between two regions, after
taking into account the influence of any other area. This toolbox was used
to calculate correlations between the time series of each pair of territories.
Finally, this calculated correlation was transformed to a normal distribution
using Fischer’s z transform (72).

Functional-behavioral correlations were calculated for the areas in the
frontal, temporal and parietal cortices that the direct and the indirect
segments of the AF connect (Broca, Wernicke and Geschwind territories,
respectively). Each subject's z-transformed left and right correlations were
regressed with behavioral performance (d-prime scores).
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